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Abstracts 
Project  1 

Background:  We  have  isolated  and  characterized  a  population  of  skeletal  muscle-derived  stem  cells  (MDSCs) 
that  display  a  greatly  improved  skeletal  and  cardiac  muscle  transplantation  capacity  when  compared  to  skeletal 
muscle  myoblasts.  The  MDSCs’  ability  to  withstand  oxidative  and  inflammatory  stresses  appears  to  be  the 
single  most  important  factor  for  their  improved  transplantation  capacity.  Although  the  true  origin  of  MDSCs 
remains  unclear,  their  high  degree  of  similarity  with  blood  vessel-derived  stem  cells  suggests  their  potential 
origin  could  be  from  the  vascular  wall.  We  have  recently  isolated  two  distinct  populations  of  cells  from  the 
vasculature  of  human  skeletal  muscle  known  collectively  as  human  skeletal  muscle-derived  cells  (hMDCs).  The 
two  populations  are  myo-endothelial  cells  and  pericytes  and  both  can  repair  skeletal  and  cardiac  muscles  in  a 
more  effective  manner  than  myoblasts,  as  is  observed  with  murine  MDSCs. 

In  the  current  proposal  we  intend  to  evaluate  and  compare  the  regeneration  capacity  of  these  two  hMDC 
populations  after  their  implantation  into  the  skeletal  muscle  of  immunodeficient/dystrophic  (SCID/mdx)  mice. 
We  will  then  investigate  the  influence  that  sex  has  on  the  regeneration  and  repair  capacity  of  the  hMDCs 
endowed  with  the  greatest  regeneration  capacity  (either  myo-entothelial  cells  or  pericytes).  Finally  we  will 
investigate  the  influence  that  age  plays  on  the  regeneration  capacity  of  the  cells. 

Study  Design:  We  will  investigate  the  effects  of  cell  survival,  proliferation,  resistance  to  stress,  and  neo¬ 
angiogenesis  on  the  regeneration  capacity  of  the  hMDCs  implanted  into  the  skeletal  muscle  of  SCID/mdx  mice 
Since  we  have  observed  that  female  murine  MDSCs  display  an  improved  transplantation  capacity  in  skeletal 
muscle  when  compared  to  male  MDSCs,  we  will  determine  the  influence  that  sex  has  on  the  hMDCs.  Due  to 
the  fact  that  MDSCs  isolated  from  aged  mice  have  a  lower  skeletal  muscle  regeneration  index  than  MDSCs 
isolated  from  young  mice,  we  will  also  investigate  the  influence  that  donor  and  host  age  has  on  the  isolated 
hMDCs. 

Relevance:  This  project  will  enable  us  to  further  assess  the  feasibility  of  using  hMDC  transplantation  to 
improve  the  function  of  skeletal  muscle  that  has  been  damaged  by  Duchenne  muscular  dystrophy  (DMD)  and 
other  muscle  degenerative  disorders  and  injury. 

Technical  Objective  #1:  To  compare  the  regeneration  capacities  of  human  muscle-derived  myo-endo  cells  and 
pericytes  when  implanted  in  the  skeletal  muscle  of  SCID/mdx  mice  and  select  the  optimal  cell  type  to  proceed 
with  Technical  Objectives  2  and  3. 

Hypothesis  h  A  differential  regeneration  capacity  will  be  observed  in  skeletal  muscle  of  SCID/mdx  mice 
between  myo-endo  cells  and  pericytes. 

Technical  Objective  #2:  To  investigate  the  influence  of  sex  on  the  regeneration/repair  capacity  of  the  hMDCs 
implanted  in  the  skeletal  muscle  of  SCID/mdx  mice. 

Hypothesis  2:  After  implantation  into  skeletal  muscle,  the  hMDCs  cells  ( myo-endo  cells  or  pericytes ) 
endowed  with  the  highest  regenerating  potential  in  skeletal  muscle  will  be  influenced  by  the  sex  of  the 
donor,  due  to  a  differential  ability  to  resist  stressful  conditions. 

Technical  Objective  #3:  To  investigate  the  influence  of  age  on  the  regeneration/repair  capacity  of  hMDCs 
implanted  in  the  skeletal  muscle  of  SCID/mdx  mice. 

Hypothesis  3:  After  implantation  into  skeletal  muscle,  the  hMDCs  cells  ( myo-endo  cells  or  pericytes ) 
endowed  with  the  highest  regenerating  potential  in  skeletal  muscle  will  be  influenced  by  the  age  of  the 
donor  due  to  a  differential  ability  to  induce  angiogenesis. 

Project  2 

Background:  Hepatocyte  transplantation  holds  great  promise  as  an  alternative  to  whole  organ  liver 
transplantation.  Unfortunately,  the  availability  of  human  hepatocytes  is  limited.  We  have  shown  that 
functionally  normal  hepatocytes  can  be  generated  from  human  ES  cells  (hES).  Since  human  skin  fibroblasts  can 
now  be  genetically  modified  to  produce  (iPS)  cells  with  characteristics  nearly  identical  to  hES  cells,  it  may  be 
possible  to  generate  hepatocytes  from  patients  using  their  own  cells.  We  believe  the  PiZ  transgenic  mouse 
model  of  alpha- 1 -antitrypsin  (AT)  deficiency  is  critical  for  evaluating  the  efficacy  of  stem  cell  therapies,  as 
hepatocytes  without  the  mutant  protein  have  a  selective  hepatic  repopulation  advantage  in  these  mice,  and  the 


PiZ  mouse  recapitulates  the  slowly  progressing  type  of  disease  that  affects  most  patients  with  chronic  liver 
diseases. 

Objective/Hypothesis:  Both  of  the  main  obstacles  to  transplantation  of  stem  cells  for  the  treatment  of  liver 
disease  (the  number  of  livers  available  and  the  immunological  barrier)  might  be  addressed  if  liver  cells  could  be 
generated  de  novo  from  precursor  cells  of  the  individual  to  be  treated. 

Study  Design:  We  will  determine  the  extent  to  which  human  patient-specific,  inducible  pluripotent  stem  (iPS) 
cells  can  be  differentiated  into  primary  human  hepatocytes.  We  will  then  determine  the  extent  to  which  the  PiZ 
mouse  model  of  AT  deficiency  can  be  developed  as  a  platform  for  pre-clinical  testing  of  hepatic  stem  cells. 
Finally,  we  will  identify  specific  molecules  responsible  for  regenerative  and  fibrotic  signals  in  the  PiZ  mouse 
model  of  liver  disease. 

Relevance:  This  project  will  determine  the  extent  to  which  patient-specific  hepatic  stem  cells  can  be  used  for 
regeneration  and  repair  of  injuries  to  the  liver  and  liver  failure.  A  more  complete  understanding  of  the 
mechanisms  by  which  donor  stem  cells  can  reduce  liver  injury  and  toxin  and/or  cancer  risk  should  enhance  the 
number  of  areas  where  hepatic  stem  cell  transplantation  might  be  effectively  applied. 

Technical  Objective  #1:  Determine  the  extent  to  which  human  patient-specific,  inducible  pluripotent  stem  (iPS) 
cells  can  be  differentiated  into  primary  human  hepatocytes. 

Hypothesis:  Protocols  that  successfully  differentiate  mouse  and  human  embryonic  stem  (ES)  cells  toward  a 
hepatocyte  phenotype  will  be  effective  in  differentiating  human  skin  cell-derived  iPS  cells  into  liver  cells. 

Technical  Objective  #2:  Determine  the  extent  to  which  the  PiZ  mouse  model  of  alpha- 1 -antitrypsin  (AT) 
deficiency  can  be  developed  as  a  platform  for  pre-clinical  testing  of  hepatic  stem  cell  transplantation  as  a 
treatment  for  severe  liver  injury  and  disease. 

Hypothesis:  iPS  cells  differentiated  toward  a  hepatocyte  phenotype  can  engraft  and  respond  normally  to 
proliferative  signals  in  the  livers  of  PiZ  mice. 

Technical  Objective  #3:  Utilize  laser-capture  microdissection,  coupled  with  high-density  oligonucleotide  array 
techniques  as  well  as  double-label  immunofluorescence  techniques  to  identify  specific  molecules  responsible 
for  regenerative  and  fibrotic  signals  in  the  PiZ  mouse  model  of  liver  disease. 

Hypothesis:  Transplantation  of  donor  stem  cells  can  ameliorate  liver  injury  and  cancer  risk  in  liver  disease. 
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Sub-Project  1:  Muscle  stem  cell  transplantation  for  Duchenne  muscular  dystrophy 

PI:  Johnny  Huard 


INTRODUCTION: 

We  have  isolated  and  characterized  a  population  of  skeletal  muscle-derived  stem  cells  (MDSCs)  that  display  a 
greatly  improved  skeletal  and  cardiac  muscle  transplantation  capacity  when  compared  to  skeletal  muscle 
myoblasts.  The  MDSCs’  ability  to  withstand  oxidative  and  inflammatory  stresses  appears  to  be  the  single  most 
important  factor  for  their  improved  transplantation  capacity.  Although  the  true  origin  of  MDSCs  remains 
unclear,  their  high  degree  of  similarity  with  blood  vessel-derived  stem  cells  suggests  their  potential  origin  could 
be  from  the  vascular  wall.  We  have  also  isolated  two  distinct  populations  of  cells  from  the  vasculature  of  human 
skeletal  muscle  known  collectively  as  human  skeletal  muscle-derived  cells  (hMDCs).  The  two  populations  are 
myoendothelial  cells  and  pericytes  and  they  both  can  repair  skeletal  and  cardiac  muscles  in  a  more  effective 
manner  than  myoblasts,  as  is  observed  with  murine  MDSCs.  In  the  current  proposal  we  have  evaluated  and 
compared  the  regeneration  capacity  of  these  two  hMDC  populations  in  vitro  and  after  their  implantation  into  the 
skeletal  muscle  of  immunodeficient/dystrophic  (SCJD/mdx)  mice.  We  are  now  in  the  process  of  investigating 
the  influence  that  sex  has  on  the  regeneration  and  repair  capacity  of  the  hMDCs  endowed  with  the  greatest 
regeneration  capacity  which  we  have  determined  to  be  the  myoentothelial  cell  population.  Finally  we  will 
investigate  the  influence  that  age  plays  on  the  regeneration  capacity  of  the  cells.  We  will  investigate  the  effects 
of  cell  survival,  proliferation,  resistance  to  stress,  and  neo-angiogenesis  on  the  regeneration  capacity  of  the 
hMDCs  implanted  into  the  skeletal  muscle  of  SCID /mdx  mice  Since  we  have  observed  that  female  murine 
MDSCs  display  an  improved  transplantation  capacity  in  skeletal  muscle  when  compared  to  male  MDSCs,  we 
will  determine  the  influence  that  sex  has  on  the  hMDCs.  Due  to  the  fact  that  MDSCs  isolated  from  aged  mice 
have  a  lower  skeletal  muscle  regeneration  index  than  MDSCs  isolated  from  young  mice,  we  will  also 
investigate  the  influence  that  donor  and  host  age  has  on  the  isolated  hMDCs.  This  project  will  enable  us  to 
further  assess  the  feasibility  of  using  hMDC  transplantation  to  improve  the  function  of  skeletal  muscle  that  has 
been  damaged  by  Duchenne  muscular  dystrophy  (DMD)  and  other  muscle  degenerative  disorders  and  injury. 

Over  the  1st  two  years  of  this  grant  we  were  involved  with  the  characterization  of  2  populations  of  hMDCs, 
myoendothelial  cells  and  pericytes  and  demonstrated  that  the  myoendothelial  cells  and  pericytes  could  repair 
skeletal  and  cardiac  muscle  more  effectively  than  myoblasts.  As  reported  2  years  ago,  several  aspects  of  the  first 
aim  of  the  project  were  completed,  namely  the  fluorescent-activated  cell  sorting  (FACS)  of  the  myoendothelial 
cells,  pericytes  and  myoblasts  from  cryopreserved  human  progenitor  skeletal  muscle  cells  (hPSMCs); 
comparisons  of  the  in  vitro  myogenic  potential  of  these  populations;  and  the  transplantation  of  the  populations 
into  cardiotoxin-injured  skeletal  muscle  of  SCID  mice  to  assess  their  in  vivo  regenerative  capacity.  The  results 
showed  that  the  myoendothelial  cells  possessed  a  better  in  vitro  myogenic  differentiation  capacity,  as  well  as,  a 
better  in  vivo  engraftment  capacity  when  transplanted  into  cardiotoxin  injured  skeletal  muscle  using  an  antibody 
against  human  spectrin.  The  2nd  year  of  the  grant  was  devoted  to  in  vitro  experiments  and  preliminary  in  vivo 
experiments  to  establish  protocols  for  completing  the  SOW.  During  this  period  we  demonstrated  on  a  minimal 
number  of  experimental  animals  that  proliferation  and  myogenic  differentiation  capacities  were  greater  in  the 
younger  experimental  animals  and  that  oxidative  stress  resistance  is  reduced  in  MDC’s  isolated  from  older 
individuals.  We  were  also  involved  with  optimizing  the  media  type  for  MDC  expansion  and  were  attempting  to 
identify  an  optimal  dystrophin  antibody  to  use  for  the  in  vivo  detection  of  human  MDCs  in  our  mouse  model  of 
DMD  that  is  also  immunocompromised  (mdx/SCID).  Unfortunately,  all  but  one  of  the  antibodies  tested 
continued  to  have  high  levels  of  background.  More  importantly  was  the  fact  that  even  after  identifying  an 
antibody  with  reduced  background,  preliminary  studies,  where  we  injected  hMDSs  into  mdx/SCID  mice, 
showed  levels  of  engraftment  that  were  not  significantly  higher  than  what  is  typically  observed  in  control 
muscles  that  show  myofiber  revertant  fibers.  Two  additional  tangential  studies  performed  during  year  2’s 
performance  period  showed  that  immunomodulary  properties  of  MDCs  is  associated  with  a  reduction  in  NF- 
kB/p65  signally  and  that  MDCs  with  reduced  p65  expression  could  improve  the  histopathology  of  a  model  of 
DMD  that  has  no  dystrophin  or  utrophin  expression  known  as  the  dKO  (double  Knock-Out)  mouse  when 
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injected  IP.  The  current  year’s  major  focus  was  to  determine  why  we  were  experiencing  the  transplantation 
difficulties  with  the  mdx/SCID  mice.  It  was  imperative  to  determine  why  the  mdx/SCID  mice  were  generating 
such  high  levels  of  background  when  injected  with  hMDCs  and  whether  the  hMDCs  were  actually  engrafting  or 
if  they  were  being  rejected  by  this  model.  We  have  been  aging  this  colony  of  mice  for  2  years  in  order  to  carry 
out  the  3rd  aim  of  this  grant,  which  outlined  experiments  to  compare  the  transplantation  efficiency  of  old  and 
young  hMDCs  injected  into  old  and  young  host  mdx/SCID  animals. 

BODY: 

As  outlined  in  our  Statement  of  Work,  this  Progress  Report  for  “Sub-Project  1:  Muscle  stem  cell 
transplantation  for  Duchenne  muscular  dystrophy”  will  describe  our  current  results  related  to  Technical 
Objective  1  which  is  to  be  completed  in  Years  1  and  2. 

Statement  of  Work: 

Technical  Objective  #1:  To  compare  the  regeneration  capacities  of  human  muscle-derived  myoendothelial 
cells  and  pericytes  when  implanted  in  the  skeletal  muscle  of  SCID/mdx  mice  and  select  the  optimal  cell  type  to 
proceed  with  Technical  Objectives  2  and  3. 

Hypothesis  i:  A  differential  regeneration  capacity  will  be  observed  in  the  skeletal  muscle  of  SCID/mdx  mice 
between  myoendothelial  cells  and  pericytes. 

Technical  Objective  #2:  To  investigate  the  influence  of  sex  on  the  regeneration/repair  capacity  of  the  hMDCs 
implanted  in  the  skeletal  muscle  of  SCID/mdx  mice. 

Hypothesis  2:  After  implantation  into  skeletal  muscle,  the  hMDCs  cells  endowed  with  the  highest  regenerating 
potential  in  skeletal  muscle  will  be  influenced  by  the  sex  of  the  donor,  due  to  a  differential  ability  to  resist 
stressful  conditions. 

Technical  Objective  #3:  To  investigate  the  influence  of  age  on  the  regeneration/repair  capacity  of  hMDCs 
implanted  in  the  skeletal  muscle  of  SCID/mdx  mice. 

Hypothesis  3:  After  implantation  into  skeletal  muscle,  the  hMDCs  cells  endowed  with  the  highest  regenerating 
potential  in  skeletal  muscle  will  be  influenced  by  the  age  of  the  donor  due  to  a  differential  ability  to  induce 
angiogenesis. 

Technical  Objective  1  will  be  performed  during  the  first  2  years  of  funding.  Years  3  and  4  will  be  devoted  to 
completing  Technical  Objectives  2  and  3.  Objectives  2  and  3  can  be  performed  simultaneously  once  we  have 
determined  the  optimal  cell  type  (myo-endo  cells  vs.  pericyctes)  as  is  outlined  in  Technical  Objective  1. 

Progress  made  from  9-1-11  to  8-31-12 

Mdx/SCID  mice  skeletal  muscle  generates  high  levels  of  background  when  immunostained  with  an  antibody 
against  “ human  dystrophin 

An  ongoing  problem  exists  with  the  animal  model  that  we  were  intending  to  utilize  for  our 
transplantation  efficiency  experiments  on  aged  and  young  animals  using  aged  and  young  hMDCs.  It  is  a  mouse 
model  that  is  both  deficient  in  murine  dystrophin  (mdx)  and  is  immune-compromised  (SCID,  lacking  both  T 
and  B  cell  functional  activity).  The  purpose  of  utilizing  this  model  was  to  demonstrate  muscle  regeneration  in  a 
dystrophic  animal  without  eliciting  a  cellular  immune  response.  When  originally  created  this  model 
demonstrated  excellent  grafting  capacities  and  very  little  immune  response,  however,  over  the  past  year  we 
have  been  experiencing  a  problem  with  this  model,  in  that  all  the  anti-human  dystrophin  antibodies  we  have 
been  using  have  been  giving  us  very  high  levels  of  background  in  the  skeletal  muscle  of  these  mice.  Originally 
we  thought  that  it  was  a  cross  reactivity  with  the  cells  injected,  but  soon  discovered  the  antibody  was  binding  in 
vivo  even  when  only  PBS  was  being  injected.  The  following  is  a  summary  of  the  work  we  performed  over  the 
past  year  to  try  and  elucidate  and  correct  this  problem. 
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In  this  1st  set  of  experiments  human 
myoendothelial  (myoendo)  cells,  pericyte,  and  preplate 
cells  purchased  from  Cook  Myosite,  Inc.  were  injected 
into  8  week  old  mdx/SCID  mice  and  compared  with 
mice  injected  with  vehicle  alone  (PBS)  or  not  injected 
at  all.  The  mice  were  sacrificed  2  weeks  post¬ 
transplantation.  The  following  is  the  resulting  data 
which  shows  very  limited  engraftment  overall  and  no 
significance  between  the  groups  Figure  1. 


Since  previous  data  indicated  that  the  myoendo 
populations  appeared  superior  to  the  pericytes  and 
cells  3  separate  populations  of  the  myoendo  cells  were 


Figure  2:  ST2  MyoEndo  (69  M)  data  is  taken  from  5  separate  muscles.  HM44 
MyoEndo  (26  F)  data  is  taken  from  4  separate  muscle.  HM47  MyoEndo  (16  M) 
data  is  taken  from  2  separate  muscles.  PBS  data  was  taken  from  6  separate 
muscles.  Non-injected  data  was  taken  from  4  different  muscles.  Significance 
between  ST2  and  PBS  (P  >  0.005);  and  between  ST2  and  non-injected  (P  > 
0.05)  was  observed. 


Figure  1  MyoEndo  data  is  taken  from  4  separate  donor  populations  injected 
into  12  separate  muscles.  Pericyte  data  is  taken  from  1  muscle. 

Cook  Myosite  data  is  taken  from  1  donor  population  and  5  muscles.  PBS 
data  was  taken  from  6  separate  muscles.  Non-injected  data  was  taken  from  4 
different  muscles. 


compared.  The  data  can  be  seen  in  Figure  2. 

Again  even  when  comparing  all  the 
populations  of  myoendo  cells  we  have  isolated,  only 
the  ST2  population  showed  any  significance  in 
myofiber  regeneration;  however  the  number  of 
regenerated  myofibers  were  barely  above  that 
observed  for  revertancy  as  seen  in  the  PBS  and  non- 
injected  muscles 


Comparison  of  “dystrophin-positive” 
myofibers  in  mdx/SCID  after  injecting  either  STS2 
myoendo  cells  in  PBS  or  PBS  alone.  As  is  evident 
in  this  figure,  positive  fibers  can  be  seen  in  both 
muscles  indicating  cross  reactivity  of  the  antibody 


Figure  3 


ST2  myoendo  cells 


PBS 


with  some  membrane  bound 
molecule  in  both  the  cell  injected 
and  PBS  injected  muscles  (Figure 
3). 

In  order  to  confirm  that  the 
cells  were  actually  present  in  the 
injected  muscle  after 

transplantation  we  used  a 
retrovirus  to  label  the  cells  with 
GFP  and  2  days  after  injecting  the 
cells  the  mice  were  sacrificed  and 
the  muscles  were  analyzed  for  GFP  and  dystrophin  (Figure  4A).  Some  of  the  transplanted  muscles  were  allowed 

to  go  14  days 
prior  to 

harvesting  the 
muscles  in 
order  to  see  if 
additional  time 
was  required  for 
the  injected 
cells  to  fuse  and 
begin 
expressing 


B 


Figure  4:  MDCs  expressing  GFP  (green);  A  and  B,  anti-GFP  (white),  C;  anti-Dystrophin  (red),  DAPI  (blue) 
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dystrophin  (Figure  4B).  To  confirm  that  GFP  was 
truly  positive  in  these  sections  an  anti-GFP  antibody 
was  used  to  detect  GFP  expression  (Figure  4C, 
white).  We  have  concluded  from  these  data  that  the 
injected  cells  were  engrafting  but  not  producing 
dystrophin;  so  what  are  the  cells  doing? 

In  order  to  observe  the  regenerative  processes, 
if  any,  in  the  mdx/SCID  skeletal  muscle  after  hMDC 
injection,  we  stained  the  muscles  with  an  antibody 
against  embryonic  skeletal  myosin  heavy  chain. 

Interestingly  all  the  muscles  injected,  including  the 
PBS  injected  control,  demonstrated  a  massive  amount 
of  myofiber  regeneration  and  there  was  no  difference 
in  the  numbers  of  eMyHC  expressing  myofibers 
between  any  of  the  groups  as  can  be  seen  in  figure  6. 

In  a  related  set  of  experiments  which 
confirmed  the  positive  engraftment  of  the  hMDCs  and 
the  lack  of  dystrophin  expression,  we  had  injected  hMDCs  that  were  being  cultured  using  Platelet-Rich  Plasma 
(PRP)  in  place  of  Fetal  Bovine  Serum  (FBS).  This  experiment  was  intended  to  explore  the  use  of  an 
autologously-derived  material  to  expand  isolated  hMDCs,  which  would  have  tremendous  benefits  for  clinical 

applications  of  the  hMDCs.  In  this  experiment  PRP- 
expanded  and  FBS -expanded  hMDCs  were  injected 
into  Mdx-SCID  mouse  muscles  damaged  with 
cardiotoxin.  4  weeks  after  cell  injection,  human 
major  histocompatability  complex  I  (hMHC-I) 
positive  myofibers  (red)  could  be  detected  in  the 
injured  muscles  (Figure  6).  The  human  MHC-I 
(red)  expressed  both  on  the  membrane  and  in  the 
cytoplasm  of  muscle  fibers.  All  populations  of 
hMDCs  that  were  expanded  in  PRP  supplemented 
medium  retained  their  ability  to  regenerate 
myofibers  upon  extended  culture.  No  significant 
differences  were  found  between  PRP  and  FBS 
expanded  hMDPCs.  From  the  point  of  view  of 
mdx/SCID  skeletal  muscle  engraftment,  the  cells 
were  readily  engrafting  and  producing  hMHC-I. 
This  finding  supports  engraftment  occurring,  but 
unfortunately  does  not  explain  the  lack  of 
dystrophin  expression  in  the  transplanted  muscles. 


FBS  PRP 


HE  h\lHC-1  HE  hMHC-I 


Figure  6.  In  vivo  myogenic  potential  of  PRP-expanded  hMPDCs.  PRP- 

expanded  and  FBS -expanded  hMDPCs  were  also  injected  into  Mdx-SCID 
mouse  muscles  damaged  with  cardiotoxin.  4  weeks  after  cell  injection,  HE 
staining  and  immuno-fluorescence  staining  of  human  MHC-  I  fluorescence 
staining  of  human  MHC-n  MHC-g  and  immuno-fluorescence  staining  human 
MHC-  I  MHC-  MHC  myofibers  can  be  detected  in  the  injured  muscles.  All 
populations  of  hMDPCs  that  were  expanded  in  PRP  supplemented  medium 
retained  their  ability  to  regenerate  myofibers 


Cook  17f  e-MyHC 


HM44  ME  e-MyHC 


Figure  5:  17f  Cook  data  is  taken  from  4  separate  muscles,  ST2  MyoEndo 
data  is  taken  from  2  separate  muscles,  HM44,  MyoEndo  data  is  taken  from  3 
separate  muscles,  PBS  data  is  taken  from  4  separate  muscles. 


In  addition  to  the  elucidation  of  why  our  mdx/SCID  model  was  not  exhibiting  good  engraftment  with  the  human 
MDCs  we  have  isolated,  we  have  been  performing  additional  tangential  experiments  on  another  model  of  DMD 
that  is  deficient  for  both  dystrophin  and  utrophin  known  as  the  double-knock  out  (dKO)  mouse.  This  model 
was  being  used  because  its  pathophysiology  more  accurately  resembles  that  of  DMD  patients  and  we  felt  might 
better  accommodate  the  experiments  outline  in  this  grant.  The  following  are  results  we  have  obtained  using  the 
dKO  model. 
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Progression  of  muscular  dystrophy  in  dystrophin/utrophin-/-  mice  is  associated  with  rapid  muscle  progenitor 
cell  exhaustion 

In  this  study  we  isolated  MPCs  from  the  skeletal  muscle  of  young  (2  weeks)  and  old  (6  weeks)  dKO 
(dystrophin/utrophin  double  knock  out)  mice,  which  have  a  maximum  lifespan  of  6  to  8  weeks  and  is  a  mouse 
model  of  DMD  that  closely  recapitulates  the  disease  progression  observed  in  DMD  patients.  We  found  that 
MPCs  isolated  from  old  dKO  mice  have  a  reduced  ability  to  proliferate  and  differentiate  compared  to  MPCs 
isolated  from  young  dKO  mice.  In  addition,  Pax7  staining  (a  muscle  progenitor  cell  marker)  indicated  that  the 
MPC  population  significantly  decreased  during  disease  progression.  These  observations  suggest  that  blocking 
the  exhaustion  of  the  MPC  pool  could  be  a  new  approach  to  improve  muscle  weakness  in  DMD  patients, 
despite  their  continued  lack  of  dystrophin  expression. 

Results: 

1.  MPCs  isolated  from  aged  dKO  mice  display  limited  proliferation 
ability. 

We  examined  the  proliferation  kinetics  of  both  populations  in  vitro  using 
LCI  (3)  and  we  observed  a  significant  reduction  in  the  proliferation 
capacity  of  the  old  dKO  MPCs  compared  to  young  dKO  MPCs  (Figure  1) 

2.  Pax7  positive  cells  undergo  a  rapid  decline  in  the  skeletal  muscle  of 
dKO  mice  during  aging  and  disease  progression. 

The  results  from  the  Pax7 
staining  showed  that  there 

is  a  rapid  statistically  significant  decline  in  the  population  of 
Pax7  positive  cells  (red)  in  the  skeletal  muscle  of  dKO  mice 
from  4  to  8  weeks  of  age  in  contrast  to  that  observed  in  mdx 
skeletal  muscle  (p<0.05)  (Figure  2A). 

3.  Isolated  muscle  fibers  from  dKO  mice  show  a  reduction  in 
muscle  progenitor  cells. 

The  single  muscle  fibers  were  isolated  from  6  weeks  old  dKO 
and  WT  control  mice.  We  observed  that  there  were  more  cell 
nuclei  in  the  WT  muscle  fibers  compared  to  the  dKO  muscle 
fibers.  In  addition,  5  days  post-culturing,  the  WT  muscle  fibers 
were  able  to  release  myogenic  progenitor  cells  forming  new 
myotubes,  in  contrasts  to  that  observed  with  the  dKO  muscle 
fibers.  These  results  support  both  a  reduction  in  the  number  and 
myogenic  potential  of  the  MPCs  derived  from  the  dKO  mice 
when  compared  to  the  WT  MPCs  (Figure  2B) 

4.  MPCs  isolated  from  aged  dKO  mice  display  a  limited 
myogenic  differentiation  ability. 

We  observed  that  the  MPCs  isolated  from  young  dKO  mice  formed  numerous,  large  multi-nucleated  myotubes 
compared  to  the  MPCs  isolated  from  the  old  dKO  mice.  The  degree  of  myogenic  differentiation  was 

significantly  reduced  in  the  old  dKO  MPCs  relative  to  the 
MPCs  isolated  from  young  dKO  mice  (P  <  0.001). (Figure  3) 

It  is  interesting  to  note  that  despite  the  lack  of  dystrophin  at 
birth,  the  initiation  of  any  signs  of  muscle  weakness  does  not 
occur  in  DMD  patients  until  later  in  childhood  which  happens 
to  coincide  with  the  exhaustion  of  the  muscle  progenitor  cell 
pool  (1).  In  this  study  we  demonstrated  that  MPCs  isolated 
from  the  skeletal  muscle  of  old  dKO  mice  have  a  reduced  ability  to  proliferate  and  differentiate  compared  to 
MPCs  isolated  from  young  mice.  Moreover,  the  numbers  of  Pax7  positive  cells  in  vivo  undergo  a  rapid  decline 
in  the  skeletal  muscle  of  dKO  mice  during  aging  and  disease  progression.  Since  dKO  mice  can  only  live  6-8 
weeks,  stem  cell  exhaustion  could  represent  the  main  mechanism  for  the  rapid  progress  of  this  disease.  Blocking 


Figure  2A 

1-week  4-week  8-week 
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the  exhaustion  of  muscle  progenitor  cells  and  stem  cell-mediated  therapy  may  represent  a  potential  strategy  for 
treating  these  muscle  diseases.  This  study  suggested  that  the  exhaustion  of  stem  cells  contributes  to  the 
histopathology  associated  with  DMD  and  that  blocking  the  exhaustion  of  muscle  progenitor  cells  and  stem  cell- 
mediated  therapy  could  be  used  as  a  potential  clinical  strategy  to  treat  muscle  disease. 

Muscle-derived  cells  (MDCs)  responsible  for  myogenesis  differ  from  MDCs  involved  in  adipogenesis  in 
dystrophin/utrophin-/-  mice 

DMD  is  characterized  by  progressive  weakening  of  the  skeletal  and  cardiac  muscles.  The  predominant 
symptoms  seen  in  advanced  cases  of  DMD  are  sarcopenia  and  pseudohypertrophy  with  fatty  infiltration  in 
skeletal  muscle.  Ectopic  fat  accumulation  in  skeletal  muscle  can  be  seen  not  only  in  myopathies  but  also  in 
several  disorders,  including  obesity  and  ageing-related  sarcopenia;  however,  the  origin  of  ectopic  adipocytes, 
nor  the  stimulus  that  trigger  their  formation  in  disease,  is  known.  In  our  lab,  we  utilize  utrophin/dystrophin 
double  knockout  (dys-/-utro-/-,  dKO)  mice,  which  better  emulates  the  phenotype  seen  in  DMD  patients.  Several 
types  of  cells,  including  satellite  cells,  can  be  isolated  from  skeletal  muscle  and  based  on  a  previously  published 
preplate  technique  we  isolated  two  types  of  cells;  rapidly  adhering  cells  (RACs)  , which  are  PDGFRa  + 
mesenchymal  progenitor  cells,  and  slowly  adhering  cells  (SACs),  which  are  Pax7+  myogenic  progenitor  cells, 
from  skeletal  muscle  of  dKO  and  wild  type  (wt)  mice.  Previously,  we  have  shown  that  dKO-SACs  have 
reduced  proliferation  and  myogenic  and  adipogenic  differentiation  abilities  compared  to  wt-SACs.  These 
observations  suggested  that  SACs  in  dKO  mice  are  exhausted  and  potentially  are  the  main  mechanism  for  the 
rapid  progress  of  sarcopenia;  however,  the  cells  involved  in  pseudohypertrophy  in  dKO  mice  remains  unclear. 
In  this  study,  we  examined  the  proliferation  and  adipogenic  differentiation  capabilities  of  RACs  since  adipose 
cells  are  thought  to  be  derived  from  mesenchymal  stem  cells.  We  observed  increased  proliferation  and 
adipogenic  differentiation  capabilities  in  dKO-RACs  compared  to  wt-RACs.  Our  results  suggest  that  muscle 
progenitor  cells,  SACs,  may  be  more  involved  in  muscle  fiber  regeneration  or  degeneration  while  mesenchymal 
progenitor  cells,  RACs,  may  be  the  origin  of  the  cell  population  that  is  involved  in  adipogenesis  in  dKO  muscle. 

RESULTS: 

dKO-RACs  had  increased  PDGFRa  expression  compared  to  dKO-SACs.  Flow  cytometry  analysis  was  used  to 
evaluate  the  expression  of  PDGFRa,  a  marker  for  mesenchymal  cells,  of  the  RACs  and  SACs  from  both  dKO 
and  wt  mice.  dKO-RACs  were  about  98%  positive  for  the  PDGFRa  surface  protein,  while  much  lower 
expression  levels  were  detected  in  the  SACs  (Figure  1). 


dKO-RACs  displayed  increased  proliferation  ability. 
The  proliferation  of  the  RACs  and  SACs  were  examined 
in  vitro  using  an  LCI  system  and  MTT  assay.  We 
observed  a  significant  increase  in  the  proliferation  of  the 
dKO-RACs  compared  to  the  wt-RACs. 


Increased  in  vitro  adipogenic  potential  was  detected  in 
dKO-RACs.  RACs  and  SACs  from  both  dKO  and  wt 
mice  were  cultured  in  adipogenic  differentiation  medium 
for  21  days.  AdipoRed  staining  was  observed  in  the 
cytoplasm  of  the  cells,  around  the  nuclei.  The  degree  of 
adipogenic  differentiation  was  significantly  increased  in 
PDGFRa+  dKO-RACs  compared  to  the  dKO-SACs 
(Figure  2). 


Figure  1.  Flow  analysis  of  PDGFRa  surface  protein  expression  in  RACs 
and  SACs  from  wt  and  dKO  mice. 


PDGFRa  surface  protein 
expression 


dKO-RAC 


dKO-SAC 
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In  dKO  mice,  an  animal  model  of  DMD,  we 
observed  severe  peri-muscular  adipose  tissue  on  the 
surface  of  the  gastrocneminus  muscles  (GM)  as  well 
as  lipid  accumulation  inside  of  skeletal  muscle 
myofibers.  Intramyocellular  lipid  accumulation 
could  be  observed  in  the  cardiac  muscle  of  dKO 
mice;  however,  the  source  of  the  ectopic  fat  tissue 
within  the  skeletal  muscle  is  unknown.  In  this  study, 
we  provide  evidence  that  the  RACs,  PDGFRa  + 
mesenchymal  progenitor  cells,  are  responsible  for 
increased  fat  cell  formation  in  the  skeletal  muscle  of 
dKO  mice.  We  observed  that  dKO-RACs  had 
increased  proliferation  and  adipogenic 
differentiation  capabilities.  This  result  suggests  that 
dKO-RACs  are  prone  to  form  adipocytes  in  skeletal 
muscle.  This  study  suggests  that  dKO-RACs,  mesenchymal  progenitor  cells  in  skeletal  muscle,  may  contribute 
to  adipogenesis  and  are  responsible  for  ectopic  fat  cell  formation  within  skeletal  muscle  in  pathological 
conditions  such  as  DMD.  Therefore,  targeting  RACs  to  block  adipogenesis  in  skeletal  muscle  may  open  new 
opportunities  to  treat  muscle  diseases. 


Figure  2.  Adipogenesis  of  RACs  and  SACs.  Bright  field  pictures  and  AdipoRed 
staining.  Quantification  of  AdipoRed  assay  is  shown. 


20x  20x 


RlioA  signaling  regulates  heterotopic  ossification  and  fatty  infiltration  in  dystrophic  skeletal  muscle 

Frequent  heterotopic  ossification  (HO)  or  fatty  infiltration  is  observed  in  the  dystrophic  muscle  of  many  animal 
models  of  human  Duchenne  muscular  dystrophy  (DMD);  however,  little  is  known  about  the  correlated  molecular 
mechanisms  involved  in  the  process.  The  RhoA-Rho  kinase  (ROCK)  signaling  pathway  has  been  shown  to  function  as  a 
commitment  switch  of  the  osteogenic  and  adipogenic  differentiation  of  mesenchymal  stem  cells  (MSCs).  Activation  of  RhoA- 
ROCK  signaling  in  cultured  MSCs  in  vitro  induces  their  osteogenesis  but  inhibits  the  potential  of  adipogenesis,  while  the 
application  of  Y-27632,  a  specific  inhibitor  of  ROCK,  reversed  the  process.  Inflammation  has  been  shown  to  be  one  of  main 
contributors  to  HO,  while  the  role  of  RhoA  signaling  in  inflammation  reaction  has  been  demonstrated.  The  objective  of  the 
current  study  is  to  investigate  the  potential  role  of  RhoA  signaling  in  regulating  HO  and  fatty  infiltration  in  dystrophic  skeletal 
muscle. 

Results; 

1. Skeletal  muscle  of  dKO  mice  features  more  HO  but  less  fatty  infiltration  than  mdx  mice  (Fig.  1).  Both  pi-CT  scan  of 

animals  (Fig.  1A)  and  Alizarn  Red  stain 
(Fig.  IB)  of  the  muscle  tissues  revealed 
greatly  enriched  HO  in  the  dystrophic 
muscles  of  the  dKO  mice.  While,  Oil  Red 
0  stain  (Fig.  1C)  and  Trichrome  stain  (Fig. 
ID)  of  the  muscle  tissues  revealed 
reduced  fatty  infiltration  and  a  number  of 
normal  muscle  fibers  in  the  muscle  of  dKO 
mice. 

2.  RhoA  signaling  is  more  activated  in  both  skeletal  muscle  and  muscle-derived  stem  cells  (MDSCs)  from  dKO  mice.  Both 
semi-quantitative  PCR  and  immunohistochemistry  study  demonstrated  that  RhoA  signaling  is  more  activated  in  the 
muscles  of  dKO  mice,  as  well  as  dKO  MDSCs. 
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3.  In  vitro  RhoA  inactivation  of  cultured  MDSCs  from  dKO  mice  decreases 
the  osteogenesis  potential  and  increases  adipogenesis  and  myogenesis  potential 
(Fig.  2).  Semi-quantitative  PCR  study  showed  that  Y27632  treatment  (10  /jM)  of 
dKO-MDSCs  down-regulated  the  expression  of  RhoA,  BMP2  and  4,  and 
inflammatory  factors  such  as  TNF-a  and  IL-6  (Fig.  2A).  Osteogenesis  potential 
was  repressed  while  the  adipogenesis  and  myogenesis  potential  of  the  dKO- 
MDSCs  were  increased  by  Y27632  (Fig.  2B). 

4.  RhoA  inactivation  in  the  skeletal  muscle  of  dKO  mice  decreased  HO  and 
increased  both  fatty  infiltration  and  muscle  regeneration.  GM  muscles  of  6  dKO 
mice  were  injected  with  Y27632  (5mM  in  20|jL  of  DMSO)  (left  limb)  or  control 
(20|jL  of  DMSO)  DMSO  (right  limb).  Injections  were  conducted  3  times  a  week  for 
3  weeks.  The  skeletal  muscles  that  received  Y27632  injection  demonstrated 
much  slower  development  of  HO  and  improved  muscle  regeneration,  as  well  as 
reduced  fibrosis  formation. 

These  results  revealed  that  DMD  mouse  models  featuring  different  severity  of 
muscular  dystrophy  may  have  varied  potentials  for  developing  HO  or  fatty  infiltration  in  the  dystrophic  muscle,  and  RhoA 
signaling  might  be  a  critical  mediator  of  the  determining  these  differential  fates,  including  the  progression  towards  HO,  fatty 
infiltration,  or  normal  muscle  regeneration.  RhoA  inactivation  is  shown  to  have  a  great  potential  to  repress  HO  and  improve 
the  phenotypes  of  dystrophic  muscle.  The  status  of  RhoA  activation  in  the  skeletal  muscle  of  human  DMD  patients  and  the 
potential  effect  of  RhoA  inactivation  in  human  dystrophic  muscle  requires  further  investigation.  This  data  reveals  the 
involvement  of  RhoA  signaling  in  regulating  the  process  of  heterotopic  ossification,  and  indicates  that  RhoA  may  serve  as  a 
potential  target  for  repressing  injury-induced  and  congenital  heterotopic  ossification  in  humans. 


Figure  2 
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Suppression  of  skeletal  muscle  inflammation  by  muscle  stem  cells  is  associated  with  hepatocyte  growth  factor 
in  wild  type  and  mdx;p65+/'  mice 

Persistent,  unresolved  inflammation  can  lead  to  secondary  tissue  damage.  Recently,  we  reported  that 
intramuscular  (i.m.)  injection  of  muscle-derived  stem  cells  (MDSCs)  heterozygous  for  the  NF-kB  subunit  p65 
(p65+/~)  reduced  host  inflammation  and  fiber  necrosis  seven  days  following  muscle  injury,  relative  to  wild  type 
(WT)  MDSC  injection  [1],  In  this  investigation,  we  looked  closer  at  the  role  of  secreted  factors  in  this 
observation.  Using  a  murine  cardiotoxin  muscle  injury  model,  we  observed  that  delivery  of  p65+/"  MDSCs 
accelerated  the  resolution  of  inflammation,  relative  to  WT  MDSCs.  In  vitro  inflammation  assays  demonstrated 
that  MDSCs  secrete  factors  that  modulate  cytokine  expression  in  LPS-activated  macrophages,  and  genetic 
reduction  of  p65  enhanced  this  effect.  Finally,  deletion  of  one  p65  allele  in  a  murine  model  of  Duchenne 

muscular  dystrophy  (mdx)  increased  the  expression 
of  the  anti-inflammatory  factor  hepatocyte  growth 
psW-”"*-  P65+/-"'"’-  factor  (HGF)  and  was  associated  with  disease 

improvement. 

RESULTS 

Confirming  our  previous  report  [1],  we  found  that  by 
7  days,  p65+/"  cell  engraftments  were  associated  with 
reduced  numbers  of  F4/80+  cells,  compared  to  WT 
cell  engraftments  (Fig  1A).  This  can  be  further 
demonstrated  histologically  by  H&E  staining, 
revealing  a  reduction  in  mono-nuclear  cells  at  sites  of 
injury  one  week  post  injection  (Fig  IB). 


Figure  1. 
A.) 

WT* 


B.) 
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To  look  at  the  direct  effects  of  MDSC-secreted  factors,  we  performed  in  vitro  inflammation  assays.  Briefly, 
RAW264.7  macrophages  were  activated  with  LPS 
(lOOng/mL)  in  normal  PM  or  WT  or  p65+/" 
conditioned  medium  (CM)  (Fig  2A).  The 
expression  of  the  cytokines  IL-ip  and  IL-6  was 
determined  by  real  time  (RT-PCR).  Our  results 
demonstrated  that  MDSC-CM  significantly 
attenuates  cytokine  expression  (Fig  2B).  Although 
WT  and  p65+/'  CM  had  a  similar  effect,  we  found 
that  p65+/~  CM  exerted  a  stronger  suppression  of  IL- 
6  expression.  Previous  reports  have  found  that  the 
activation  of  inflammatory  macrophages  is 
attenuated  by  the  phosphorylation  and  subsequent 
inactivation  of  GSK3|3  [3],  By  western  blot,  we  found  that  upon  treatment  with  LPS  in  WT-CM,  the  fraction  of 
pS9-GSK3beta  modestly  increased  within  30mins  and  was  maintained  through  24  hours.  Furthermore,  p65+/  - 
CM  demonstrated  an  even  stronger  induction  of  phosphorylation  (Fig  2C). 

Hepatocyte  growth  factor  (HGF)  is  one  of  the  factors  previously 
demonstrated  to  modulate  inflammation  via  pS9-GSK3beta.  We 
examined  HGF  expression  in  MDSCs  and  found  elevated  levels  in 
p65+/'  cells  compared  to  the  WT  cells  (Fig  3A).  Acharyya  and 
colleagues  have  reported  that  haploinsufficiency  of  p65  in  an  mdx 
background  improves  dystrophic  pathology  [4],  As  we  had 
hypothesized,  HGF  expression  was  significantly  increased  (Fig  3B). 
Based  on  our  in  vitro  and  in  vivo  inflammatory  studies,  HGF  could  be 
one  of  the  contributing  factors  to  disease  improvement. 

These  findings  indicate  that  NF-kB  has  a  broader  role  in  muscle  stem  and  progenitor  cells  than 
previously  thought,  and  that  the  anti-inflammatory  molecules  secreted  by  stem  cells,  such  as  HGF,  could 
potentially  be  harnessed  to  control  secondary  pathologies  of  muscle  diseases  such  as  DMD. 

Improved  muscle  histology  in  old  dystrophic  mice  exposed  to  young  dystrophic  peripheral  circulation:  a 
parabiotic  paring  study 

Researchers  have  observed  that  in  Duchenne  muscular  dystrophy  (DMD),  despite  the  lack  of  dystrophin 
at  birth,  the  histopathological  signs  of  muscle  weakness  do  not  become  apparent  until  patients  reach  4-8  years  of 
age.  This  happens  to  coincide  with  the  exhaustion  of  the  muscle  progenitor  cell  (MPC)  pool.  Our  previous 
results  demonstrated  that  MPCs  isolated  from  old  dystrophin/utrophin  double  knock-out  (dKO)  mice  (a  reliable 
mouse  model  of  DMD),  are  defective  in  their  proliferation  and  differentiation  capacities,  however,  it  remains 
unclear  if  the  disease-related  loss  of  adult  stem  cell  function  is  primarily  driven  by  cell  autonomous  (a  direct 
stem  cell  defect)  and/or  non-autonomous  mechanisms  (aged  microenvironment  or  circulating  factors).  The 
parabiotic  approach  has  been  useful  for  revealing  the  striking  ability  of  circulating  factors  in  young  mice  to 
rejuvenate  the  muscle  regenerative  potential  in  old  animals.  In  this  study,  we  preformed  heterochronic 
parabiosis  between  old  dKO-hetero  with  young  mdx  mice.  We  tested  whether  muscle  histopathology  can  be 
improved  by  blood-borne  factors  in  vivo  using  a  parabiotic  system  to  enable  constant  exchange  of  peripheral 
blood  between  the  mice.  We  found  that  there  was  decreased  fibrosis,  calcium  deposition  and  improved 
histology  of  skeletal  muscle,  and  decreased  intramyocardial  lipid  accumulation  in  the  old  dKO-hetero  mice  after 
parabiotic  pairing  for  3  months.  The  results  suggested  that  the  defect  in  the  MPCs  might  be  related  to  the 
dystrophic  microenvironment  or  circulating  factors.  These  observations  suggest  that  changing  the  dystrophic 
microenvironment  could  be  a  new  approach  to  improve  muscle  weakness  in  DMD  patients,  despite  their 
continued  lack  of  dystrophin  expression. 


Figure  3. 
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Results: 

1  redistribution  of  circulating  cells  were  established  between  the 
two  parabiotic  mice.  To  verify  the  development  of  cross¬ 
circulation  between  animals,  we  examined  the  distribution  of  an 
intravascular  dye  (Evan’s  Blue)  across  the  adjoining  wounds. 
After  injecting  one  of  the  paired  mice,  the  Evan’s  Blue  dye 
immediately  flushed  the  same  animal  and  progressively  spread 
through  the  common  vascular  tree  at  the  junction  to  its  partner,  as 
shown  in  Figure  1.  We  also  found  that  MPCs  could  travel  from 
one  mouse  to  its  parabiotic  partner  by  the  intravenous  injection 
of  GFP  positive  MPCs  (Figure  1). 

2.  Improved  muscle  histology  in  old  dKO-hetero  mice  exposed  to  young  mdx  peripheral  circulation.  We 
performed  parabiosis  between  young  mdx  mice  (3-5  months)  and 
old  dKO-  hetero  mice  (12-14  months).  These  heterochronic  pairs 
were  compared  to  the  old  isochronic  paired  mice.  The  H&E 
results  indicated  that  the  skeletal  muscles  were  greatly  improved 
in  their  histopathological  appearance  in  the  old  dKO-hetero  mice 
sutured  with  young  mdx  mice  when  compared  to  old  isochronic 
paired  mice.  Alizarin  red  and  Trichrome  results  also  showed  there 
was  less  calcium  deposition  and  decreased  fibrotic  muscle  fibers 
in  the  old  heterochronic  mice  compared  to  old  isochronic  paired 
mice  (Fig.2A).The  AdipoRed  staining  of  the  cardiac  muscle  of 
the  parabiotic  mice  also  revealed  reduced  intramyocardial  lipid  accumulation  in  the  cardiac  muscle  cells  of  the 
old  heterochronic  mice  compared  to  the  old  isochronic  paired  mice  (Fig.2B). 

In  order  to  determine  if  disease-related  loss  of  MPCs  function  is  primarily  driven  by  cell  autonomous  and/or 
non-autonomous  mechanisms  and  to  further  develop  a  new  approach  to  improve  the  quality  of  life  of  DMD 
patient’s  without  restoring  dystyophin.  These  experiments  were  motivated  by  the  question  of  whether  blood- 
borne  factors  from  young  healthy  mdx  mice  could  influence  the  dystrophic  microenvironment  and  improve  the 
histopathology  of  old  dKO-hetero  mice.  Our  results  indicated  that  the  skeletal  muscles  were  greatly  improved  in 
their  histopathological  appearance  in  the  old  dKO-hetero  mice  and  decreased  intramyocardial  lipid 
accumulation  in  cardiac  muscle  when  sutured  with  young  mdx  mice  compared  to  old  isochronic  paired  mice. 
These  parabiosis  results  provided  some  evidence  which  suggested  that  the  defect  in  the  MPCs  is  driven  by  the 
dystrophic  microenvironment  which  might  be,  in  part,  attributable  to  changes  in  the  blood-borne  factors  passed 
on  from  the  young  mdx  mice  to  the  old  dKO-hetero  mice.  Moreover,  these  histological  improvements  may 
relate  to  a  beneficial  effect  on  the  dystrophic  MPCs  due  to  circulating  factors  in  the  blood  of  the  young  mdx 
mice.  These  observations  demonstrated  that  changes  to  the  dystrophic  microenvironment  could  be  a  new 
approach  to  improving  muscle  weakness  in  DMD  patients,  despite  their  continued  lack  of  dystrophin 
expression.  We  believe  that  the  information  gained  from  these  experiments  highlight  potential  treatment 
regimes  that  could  rescue  the  stem  cell  defect  in  muscular  dystrophy  and  could  prove  to  be  highly  successful  in 
delaying  the  disease  progression  in  DMD. 


1.  Peripheral  blood  cross-circulation  and 


Figure  1 
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Progress  made  from  9-1-10  to  8-31-11 

Myogenic  and  proliferation  capacity  of  young  vs.  old  myoendothelial  cells 

In  vitro  assays  to  look  at  differences  in  myogenic  capacities  of 
young  and  old  human  myoendothelial  cells  were  conducted 
using  two  cell  populations  one  from  a  30  year  old  female  and 
the  other  from  a  76  year  old  female.  Both  cell  populations  were 
derived  from  human  skeletal  muscle  and  isolated  using  our 
lab’s  pre-plate  technique  for  stem  cell  isolation.  Cells  isolated 
from  the  latest  preplate,  preplate  3(PP3),  were  utilized  in  the 
current  experiments  (which  means  that  the  isolated  cells 
adhered  to  the  collagenated  flasks  between  24-48  hours  after 
the  initial  muscle  biopsy  isolation  and  dissociation.  For  murine 
cell  isolations,  PP6  cells  are  able  to  be  isolated  and  possess  the 
highest  multipotency  and  engraftment  capacities  as  compared 
to  PP1-PP5.  To  compare  the  myogenic  capacities  of  the  young 
and  old  cells  in  vitro,  the  cells  were  promoted  to  differentiate 
by  placing  them  in  low  (2%)  serum  media  for  five  days  after 
which  the  cells  were  fixed  and  then  stained  for  their 
expression  of  myosin  heavy  chain  (MHC)  and  DAPI.  The  myogenic  differentiation  index  (MDI)  for  each  cell 
type  was  calculated  by  counting  the  number  of  nuclei  inside  MHC-stained  differentiated  myotubes  and  dividing 
this  number  by  the  total  number  of  nuclei.  The  results  shown  in  figure  1  indicated  that  the  older  female  PP3 
cells  had  a  reduction  in  their  myogenic  potential  (myotube  formation)  in  vitro  compared  the  cells  isolated  from 
the  younger  female  biopsy.  These  results  are  being  confirmed  and  the  experiment  is  being  repeated  with  human 
male  myoendothelial  cells,  as  well. 

In  another  set  of  experiments  we  isolated 
myoendothelial  cells  via  FACS  from  the  skeletal 
muscle  of  a  76  year  old  female  (HM53)  and  a  14 
year  old  female  (HM8)  patient.  The  cells  were 
studied  for  their  proliferative  and  oxidative  stress 
resistance  (exposure  to  400uM  hydrogen  peroxide) 
capacities.  In  this  study  the  cells  were  found  to  not 
differ  in  their  proliferative  capacity  between  HM53 
and  HM8  (Figure  2A);  however  there  was  a 
significant  difference  in  their  resistance  to 
oxidative  stress  capacities  at  24,  32  and  48  hrs  post¬ 
exposure  (Figure  2B,  older  cells  displaying  a 
reduction  to  stress  resistance). 

Additional  studies  are  currently  underway  to 
increase  the  number  of  populations  of  young  and 
old  myoendothelial  and  PP3  cells  (and  sex)  studied 
for  their  proliferation,  myogenic  and  their  stress 
resistance  capacities. 
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Figure2  Myoendothelial  cells  isolated  from  skeletal  muscle  biopsies  taken  from 
78  year  old  (HM53)orl4  year  old  (HM 8)  female  patients  exhibit  no  differences 
in  cell  proliferation  (A).  However,  aged  cells  are  significantly  less  resistant  to 
hydrogen  peroxide  induced  (400uM)  oxidative  stress  (B).(p<0.05.  data 
represented  as  mean  ♦/-  s.e.m.) 


30y  Female  huPP3  76y  Female  huPP3 

Figure  1:  The  MDI  of  two  populations  of  human 
female  myoendothelial  cells.  The  MDI  shows  the 
cells  isolated  from  the  30  year  old  female  donor 
have  a  greater  myogenic  capacity  than  cells 
isolated  from  the  76  year  old  donor  (p  <  0.05). 
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Optimizing  the  culture  conditions  for  expanding  myoendothelial  cells 

It  is  of  critical  importance  that  the  myoendothelial  cells  isolated  from  human  skeletal  muscle  can  be  maintained 
in  a  “stem”  like  state  when  expanded  in  a  cell  monolayer.  A  media 
formulation  of  10%  fetal  bovine  serum,  10%  horse  serum,  1% 
penicillin/streptomycin  and  1%  chick  embryo  extract  is  normally 
used  to  culture  the  cells.  This  proliferation  media  (PRO)  was 
combined  with  Endothelial  Growth  Media-2  (EGM2)  media  (Lonza) 
at  a  1:1  mixture  and  designated  PROe  media.  A  69  year  old,  male 
population  of  human  myoendothelial  cells  (ST2)  isolated  via  FACS 
were  seeded  on  a  24-well  plate  at  a  density  of  2000  cells/cm2  of 
growth  area.  The  ST2  cells  had  been  maintained  in  normal 
proliferation  media  or  PROe  media  since  the  cell  isolation  and  were 
designated  ST2  and  ST2e,  respectively.  The  12- well  plate  was  place 
on  a  Live  Cell  Imaging  system  (Kairos  Instruments)  which  can 
capture  images  at  different  coordinates  in  the  well  and  in  all  the 
seeded  wells  at  preprogrammed  time  intervals,  which  can  then  be 
viewed  after  a  set  time  as  a  time-  lapsed  movie.  In  the  current 
experiment  lOOx  images  were  captured  every  15  minutes  for  a  period 
of  108  hours.  Images  were  analyzed  using  ImageJ  and  the  data  are 
presented  in  figure  3.  Morphologically,  the  ST2e  cells  (3B)  are 
smaller  and  less  elongated  than  the  ST2  cells  and  proliferate  at  a 
faster  rate  than  ST2  cells  (3C).  Next,  we  wanted  to  know  if  the  cells 

media  and  to 

compare  this  to  cells  grown  under  the  usual  culture 
conditions  (PRO).  A  myogenic  differentiation  assay  was 
performed,  as  described  above,  and  representative  images 
are  shown  in  figure  4.  ST2e  cells  not  only  form  a  greater 
number  of  myotubes  but  a  greater  number  of  the 
myotubes  contained  more  nuclei  which  indicate  a  higher 
degree  of  maturity.  These  data  suggest  the  PROe  media 
or  another  variant  may  be  more  ideal  for  culturing  human 
myoendothelial  cells  and  maintaining  them  in  a  stem-like 
state. 


Identification  of  a  dystrophin  antibody  for  use  in  mdx  mice 
Early  analysis  of  the  first  mdx/SCID  tissues  transplanted  with 
human  myoendothelial  cells  revealed  a  critical  problem.  Our 
group  was  using  a  polyclonal  anti-dystrophin  antibody  (Abeam 
#15277)  which  we  use  for  all  our  other  mouse  tissues.  The 
initial  staining  of  the  mdx/SCID  tissues  showed  high  levels  of 
positive  staining  in  the  PBS  injected  control  muscles  which 
should  have  been  completely  negative  (figure  5C-D).  Indeed 
the  PBS  groups  had  higher  levels  of  dystrophin  staining  than 
some  of  the  tissues  tissues  injected  with  myoendothelial  cells 
(5A-B).  It  was  essential  to  identify  a  viable  anti-dystrophin 
antibody  to  stain  mdx  mouse  tissues.  Dr.  Bing  Wang  of  the 
Stem  Cell  Research  Center  had  created  four  variants  (R1R2, 
R2N,  R22R23,  R24H4)  of  a  mammalian  dystrophin  antibody 


Figure  5:  Mdx/SCID  muscle  sections  stained  against  DAPI 
(blue)  and  mammalian  dystrophin  (red).  (A-B)  tissue 
transplanted  with  human  myoendothelial  cells.  (C-D)  tissue 
injected  with  PBS. 


were  able  to  differentiate  after  culture  in  PROe 


Figure  4:  ST2  cells  (A)  and  ST2e  cells  (B)  growth  in  low  (2%)  serum  media 
for  5  days.  Cells  were  fixed  and  stained  against  DAPI  (blue)  and  myosin 
heavy  chain  (red). 
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Figure  3:  lOOx  images  of  human,  male 
myoendothelial  cells  cultured  in  PRO  media  or 
PROe  media.  The  expected  doubling  time  of  24-36 
hours  is  seen  in  the  ST2  population  while  the  ST2e 
cells  show  a  doubling  time  of  less  than  24  hours 
(C).  The  morphologies  of  the  cells  are  shown  in  A 
and  B  and  indicate  PROe  media  maintains  the 
population  in  a  more  stem-like  morphology. 
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for  testing  on  these  tissues.  The  results  shown  in  figure  5  suggested  variant  R1R2  was  the  best  antibody  to  use 
on  the  mdx/SCID  muscle  tissues  (Figure  6). 


Figure  6:  Testing  the  4  variants  of  Dr.  Bing  Wang’s  polyclonal  dystrophin 
antibody.  Negative  control  =  mdx  tissue.  Positive  control  =  C57BL6  tissue. 
Each  figure  for  negative  or  positive  controls  shows  the  identical  area  of  the 
tissue.  Variant  R1R2  shows  the  lowest  level  of  nonspecific  staining. 


Effect  of  host  sex  on  the  regenerative  capacity  of  old  male  and  female  myoendothelial  cells 
Eight  week  old  mdx/SCID  mice,  male  and  female,  were  randomly  assigned  to  1  of  5  groups;  non-injected 
(controls),  PBS  (controls),  ST2,  ST2e  or  HM49.  All  groups,  except  non-injected  controls,  received  bilateral 
injections  into  the  gastrocnemius  muscles  of  20  microliters  of  PBS  or  PBS  containing  3xl05  myoendothelial 
cells  via  a  31  gauge  insulin  syringe.  Animals  were  sacrificed  and  tissue  collected  14  days  post-injection.  Tissues 
were  cryosectioned  and  the  sectioned  tissues  stained  for  dystrophin  using  the  R1R2  variant.  Analysis  was 
performed  by  capturing  lOOx  fluorescent  images  of  the  entire  stained  section  and  counting  the  number  of 
positively-stained  (for  dystrophin)  fibers  present  in  the  section.  The  data  in  figure  7  are  not  complete  as  analysis 
has  just  begun  on  these  tissues  but  early  evidence  suggests  ST2  cells  (cultured  in  PRO  media)  have  a  greater 
regenerative  capacity  than  cells  grown  in  PROe  media  (ST2e).  The  ST2  (69  year  old,  male)  cells  showed  no 
differences  when  transplanted  into  male  or  female  hosts  (n=3  for  both).  The  trend  for  ST2e  cells  is  for  better 
regeneration  when  transplanted  into  female  hosts  but  the  n  is  low  for  both  conditions  (male  host,  n=l;  female 
host,  n=2).  This  trend  is  seen  in  the  HM49  again  with  the  HM49  (75  year  old,  female)  injected  tissues  as  greater 
regeneration  is  seen  when  the  cells  are  transplanted  into  a  male  host.  Again,  the  n  is  small  (n=l  for  both  hosts) 
making  further  analysis 
essential  for  any 
conclusions  to  be  drawn. 

More  importantly,  the 
numbers  of  dystrophin 
positive  fibers  in  female 
host  tissues  are  all  at  near¬ 
background  levels  based  on 
the  number  of  revertant 
myofibers  seen  in  non- 
injected  controls.  Analysis 
has  not  been  performed  on 
non-injected  tissues  from 
male  hosts.  Also,  analysis 
has  not  yet  been  performed 
on  non-injected  tissues 
from  male  hosts. 


Figure  7:  Analysis  of  tissue  cryosections  from  mdx/SCID  mice.  Dr.  Bing  Wang’s  R1R2  dystrophin  antibody  (red)  was 
used  for  staining.  DAPI  (blue)  stained  for  nuclei.  A)  ST2  injected.  B)  ST2e  injected.  C)  HM49  injected.  D)  PBS  injected 
E)  wild  type  (dystrophin  positive)  control  tissue.  No  significant  differences  are  seen  between  groups  but  analysis  of  tissues 
is  not  complete. 
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Non-invasive  behavioral  testing  to  detect 
functional  improvement  following  stem  cell 
transplantation 

Preliminary  studies  were  performed  on  nine, 
12-week  old  female  mdx/SCID  mice  in  order 
to  test  the  potential  use  of  a  DigiGait™ 
system  (Mouse  Specifics,  Inc.,  Quincy,  MA) 
functional  gait  analysis  system  to  test  the 
functional  improvement  of  our  transplanted 
mice.  The  mice  received  bilateral 
intramuscular  (gastrocnemius)  injections  of 
20uL  of  PBS  or  20uL  PBS  containing  either 
3xl05  male  myoendothelial  cells  or  3xl05 
male  perivascular  cells.  This  initial 
experiment  was  conducted  before  the 
determination  that  myoendothelial  cells  were 
the  best  human  cell  type  for  these  studies.  For 
non-invasive  analysis  of  muscle  function  we 
used  the  DigiGait™  system  (Mouse  Specifics, 
Inc.,  Quincy,  MA).  The  system  consists  of  a 
treadmill  with  a  transparent  belt  which  had  a 
high  speed  digital  camera  mounted  ventral  to 
the  test  subject.  Proprietary  software  provide 
by  Mouse  Specifics  used  to  analyze  numerous 
indices  of  the  animal’s  gait.  A  simple 
schematic  of  what  the  software  is  looking  at 
when  calculating  these  indices  is  shown  in 
figure  8A.  For  our  study  animal  gaits  were 
examined  at  a  velocity  of  20cm/s  and  the  ratio 
of  the  stance  time  to  swing  time  was 
calculated.  The  stance  and  swing  phases  are 
shown  in  figure  8A  and  the  analysis  for  the 
mdx/SCID  mice  is  shown  in  8B.  The  data 
suggest  that  within  2  weeks  of  transplantation 
the  myoendothelial-injected  mice  showed  a 
reduced  “running”  stride  compared  to  the 
pericyte-injected  mice.  Since  these  mice  were 
forced  to  move  at  a  constant  velocity  subjects 
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Figure  8:  Non-invasive  behavioral  testing  A)  schematic  of  the  paw  areas  detected 
by  the  high-speed  camera  as  part  of  the  DigiGait™  system.  The  diagram  below  is  a 
visual  representation  of  the  3  phases  of  a  stride;  braking,  propulsion  and  swing.  B) 
The  stance  phase/swing  phase  ratio  for  each  group  at  each  time  point  relative  to 
each  groups’  baseline  ratio.  An  increasing  ratio  may  be  indicative  of  increased 
muscle  function/strength. 


capable  of  generating  more  force  via  plantar  flexion  could  have  a  ratio  of  stance/swing  greater  than  1.  Since  the 
gastrocnemious  is  partially  responsible  for  plantar  flexion  and  this  muscle  was  the  target  of  the  transplantation, 
these  data  are  encouraging  and  warrant  further  use  with  our  other  experimental  animals. 


Immunomodulatory  properties  of  muscle-derived  stem  cells  associated  with  reduced  NF-KB/p65  signaling 

In  this  study,  we  examined  the  role  of  NF-kB  signaling  in  the  regenerative  phenotype  of  muscle-derived  stem 
cells  (MDSCs)  isolated  from  the  gastrocnemius  of  p65  deficient  mice  (heterozygous,  p65+/-  )  and  wild  type 
littermates  (p65+/+ ).  We  previously  found  that  p65+/-  MDSCs  have  enhanced  cell  proliferation,  survival  under 
oxidative  stress,  differentiation,  and  muscle  regeneration  capacity.  Furthermore,  we  have  found  that  p65+/- 
engraftments  in  wild  type  skeletal  muscle  are  associated  with  reduced  inflammation  and  fiber  necrosis 
compared  to  p65+/+  MDSC  engraftments.  In  vitro  and  in  vivo  experiments  suggest  that  reduction  of  p65 
signaling  enhances  the  regenerative  phenotype  of  MDSCs,  suggesting  this  pathway  as  a  candidate  target  to 
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improve  stem  cell-based  therapies  for  muscle  disease  and  injury.  The  data  presented  in  this  study  provides 
evidence  supporting  that  NF-kB  inhibition  stimulates  MDSC-mediated  muscle  regeneration  through  multiple 
mechanisms,  including  through  the  expression  of  anti-inflammatory  factors  that  attenuate  inflammation  and 
necrosis.  These  experiments  identify  the  NF-kB  signaling  pathway  as  a  potential  therapeutic  target  to  enhance 
muscle  regeneration  following  injury  or  disease  (Paper  in  revision.  A.  Lu  et  al.  Mol.  Therapy,  Sept.  2011). 

p65  +/-  MDSC  transplantation  improves  muscle  histology  in  dKO  mice  after  IP  transplantation  (Figure 

9)  —  MDSCs  were  isolated  from  5  month  old  p65+/'  and  WT  mice  as  previously  described  via  a  modified 
preplate  technique.  A  total  of  5-9  xlO5  viable  cells  or  5()pl  PBS 
were  injected  intraperitoneally  into  5-7  day  old  dKO  mice.  Four  to 
six  weeks  after  transplantation,  the  muscles  were  harvested  and 
cryosections  were  prepared  for  staining.  Our  preliminary  data 
suggest  that  the  regeneration  of  both  the  gluteus  maximus  and 
diaphragm  muscles  were  more  greatly  improved  in  their 
histopathological  appearance  in  the  animals  injected  IP  with  p65- 
deficient  MDSCs  than  the  nontreated  animals  at  4  weeks  post¬ 
implantation,. 

Muscle  cryosections  were  also  stained  for  mouse  IgG  to  determine 
the  extent  of  muscle  fiber  necrosis.The  results  showed  that  there 
were  less  necrotic  muscle  fibers  in  the  mice  injected  with  p65+/" 

MDSCs  compared  to  non-treated  muscles  (Fig.  9).  Trichrome 
staining  was  also  preformed  according  to  the  manufacturer’s 
instructions  and  the  results  showed  that  there  was  less  muscle 
fibrosis  in  the  mice  injected  with  p65+/~  MDSCs  compared  to  the 
non-treated  muscles  (PBS)  (Fig.  9) 

An  antibody  against  embryonic  muscle  heavy  chain  (E-MyHC) 
was  used  to  evaluate  muscle  regeneration  and  another  antibody 
against  F4/80  (macrophage  marker)  was  used  to  analyze  the  extent 
of  inflammation  in  the  regenerated  area.  These  results  showed  less 
inflammation  (red,  F4/80)  within  the  regenerated  area  (E-MyHC 
(green)  positive  myofibers)  in  the  muscles  of  mice  injected  with 
p65+/"  MDSCs  compared  to  the  untreated  muscles  (Fig.  9).  The  use  of  NF-kappa  blockade  may  be  useful  to 
improve  the  regeneration  index  of  hMDCs  in  the  skeletal  muscle  of  MDX/SCID  mice. 
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Progress  made  from  9-1-09  to  8-31-10 

The  overall  goal  of  Technical  Objective  1  is  to  identify  the  optimal  human  muscle  derived  cell  type  for 
skeletal  muscle  regeneration.  We  have  completed  several  aspects  of  Technical  Objective  1,  namely  -  1) 
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Figure  1.  Differential  expressions  of 
myogenic  and  endothelial  markers 
by  cryopreserved  human  skeletal 
muscle  cells.  Immunocytochemistry 
revealed  the  diverse  expressions  of 
various  cell  lineage  markers  by 
cryopreserved  skeletal  muscle  cells 
after  expansion.  Nuclei  were  stained 
blue  with  DAPI.  (Scale  bars  =  100pm). 
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isolation  of  FACS-defined  populations  of  myoblasts,  myo-endothelial  cells  and  pericytes,  2)  side-by-side 
comparison  of  in  vitro  myogenic  differentiation  potential  of  these  populations  and  3)  transplantation  of  these  3 
populations  to  mdx/SCID  animals  and  in  vivo  assessment  of  skeletal  muscle  regeneration  potential  of  these 
cells. 

After  expansion,  the  cryopreserved  human  progenitor  skeletal  muscle  cells  (cryo-hPSMCs)  were  examined 
by  immunocytochemistry  for  cell  surface  marker  expression.  The  majority  of  the  cryopreserved  skeletal  muscle 
cells  expressed  desmin  and  CD56,  and  to  a  lesser  extent,  CD  146  (Figure  1).  Only  a  fraction  of  cells  expressed 
a-SMA,  CD144,  vWF  or  UEA-1R.  As  expected  with  cultured  human  cells,  cells  lacked  CD34  expression.  Our 
flow  cytometry  analysis  quantitatively  confirmed  the  diverse  expressions  of  cell  lineage  makers  by  the  cells: 
77.1+5.7%  CD56+,  66.9+8.1%  CD146+,  11.2+2.5%  UEA-1R+,  0.3+0.1%  CD144+,  0.1%  vWF+,  and  no 
expression  of  CD34  and  KDR  (Figure  2A).  Surprisingly,  the  number  of  cryo-hPSMCs  positive  for  CD56, 
CD  146  or  UEA-1R  decreased  dramatically  after  passage  10  as  compared  to  expression  prior  to  passage  10 
(Figure  2B). 
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Figure  2.  Differential  expressions  of  myogenic  and  endothelial  markers  by  cryopreserved  human  skeletal 
muscle  cells.  (A)  Flow  cytometry  analysis  quantitatively  confirmed  the  diverse  cell  composition  of  cryopreserved 
skeletal  muscle  cells  (B)  The  number  of  cryopreserved  skeletal  muscle  cells  positive  for  CD56,  CD146,  or  UEA- 
1R  decreased  dramatically  when  cells  were  cultured  beyond  passage  10  (passage>10). 


Isolation  of  myogenic  stem/progenitor  cells:  Using  a  collection  of  cell  lineage  markers,  we  analyzed 
cryopreserved  cells  by  flow  cytometry  for  their  expression  of  hematopoietic  (CD45),  myogenic  (CD56), 
endothelial  (UEA-1R),  and  perivascular  (CD146)  cell  markers.  After  the  exclusion  of  CD45+ cells,  four  distinct 
cell  fractions  were  identified,  including  myoblasts  (Myo)  (CD56+/CD45~CD146~UEA-1R~),  endothelial  cells 
(ECs)  (UEA- 1  R+/CD45'CD56'CD  146  ),  perivascular  stem  cells  (PSCs)  (CD146+/CD45'CD56  UEA-1R  ),  and 
myogenic  endothelial  cells  (MECs)  which  expressed  all  three  cell  lineage  markers  (CD56+UEA- 
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Figure  3.  Identification  and  purification  of  myogenic 
stem  cells  within  cryopreserved  muscle  cell 

populations.  CD45"  cells  were  separated  based  on  CD56 
expression.  CD56+  and  CD56"  populations  were  further 
gated  on  UEA-1R  by  CD  146  to  identify  and/or  sort  four 
distinct  cell  populations:  myogenic  endothelial  cells 
(MEC)  (CD56+UEA- 1 R+CD 146+/CD45"),  myoblasts 
(Myo)  (CD5  6+/CD45'CD  1 46'UEA- 1 R),  perivascular 
stem  cells  (PSC)  (CD1467CD45CD56UEA-1R),  and 
endothelial  cells  (EC)  (UEA-1R+/CD45CD56CD146). 
The  purities  of  the  sorted  populations  were  90.73+4.82%, 
92.94+1.23%,  93.86+1.72,  and  94.9+0.64,  respectively. 
Immunocytochemistry  confirmed  the  expression  of  key 
cell  lineage  makers  by  freshly  sorted  cells:  UEA-1R, 
CD146,  and/or  CD56.  (Scale  bars  =  100pm  except  in 
CD66/TTF.A-1R  Honhle  staining  =  20iitt0 


1R+CD146+/CD45").  The  composition  of  long-term  cultured  cryopreserved  muscle  cells  included  22.58+6.32% 
Myo,  0.58+0.23  %  ECs,  5.92+4.66%  PSCs,  and  1.16+0.19%  MECs  (Figure  3).  These  four  cell  subsets  were 
subsequently  fractionated  by  FACS  (Figure  3). 


Next,  we  examined  the  in  vitro  differentiation  capacity  of  myoendothelial  cells  and  pericytes.  Cells  were 
stimulated  for  1  week  under  conditions  of  low  serum  and  high  density  and  we  observed  a  marked  difference  in 
the  ability  to  undergo  myogenic  differentiation,  as  noted  by  the  presence  of  multinucleated  myotubes  and 
positive  immunostaining  for  myosin  heavy  chain  (MHC)  and  desmin  (Figure  4). 
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Figure  4.  Myoendothelial  cells  displayed  a  higher  myogenic  potential  as  compared  to  pericytes.  After  1 
week  in  myogenic  conditions,  we  find  more  myotubes,  and  greater  expression  of  myosin  heavy  chain  (MHC, 
green)  and  desmin  (green)  in  the  myoendothelial  cell  populations  as  compared  to  pericytes  populations.  Nuclei 
are  DAPI  stained. 


Finally,  to  evaluate  the  myogenic  capacities  of  these  purified  cell  fractions,  all  freshly  sorted  cells  were 
immediately  transplanted  into  cardiotoxin-injured  skeletal  muscles  of  SCID  mice  (n=7  per  cell  fraction). 
Unpurified  muscle  cell-  and  saline-injected  muscles  were  employed  as  controls.  Mouse  muscles  were  harvested 
2  weeks  post-injection,  cryosectioned,  and  examined  by  immunohistochemistry  to  detect  muscle  fiber 
regeneration  in  vivo.  An  antibody  against  human  spectrin,  a  myofiber  cytoskeletal  protein,  was  used  to  identify 
human  cell-derived  skeletal  myofibers  in  the  tissue  sections.  Quantitative  analyses  revealed  that  the  myogenic 
regeneration  index,  indicated  by  human  spectrin-positive  skeletal  myofibers  per  lxlO3  injected  cells,  was 
71.23+27.15  for  MECs,  31.26+11.57  for  endothelial  cells  (ECs),  11.44+3.79  for  PSCs,  4.23+1.16  for  myoblasts 
(Myo),  and  0.55+0.36  for  unsorted  muscle  cells  (Unsort)  (Figure  4).  MECs  exhibited  the  highest  regeneration  of 
human  skeletal  myofibers  among  all  five  cell  fractions  tested  (p<0.05)  (Figure  4).  PSCs  regenerated  more 
myofibers  than  the  Myo  (p>0.05)  and  the  Unsort  (p<0.05)  (Figure  5).  Purified  myoblasts  displayed  a  higher 
myogenic  capacity  than  the  unsorted  cells  (p< 0.05)  (Figure  5). 

Similar  experiments  are  currently  under  way  where  the  cell  populations  have  been  transplanted  into  the 
gastrocnemius  muscles  of  mdx/SCID  mice  -  a  mouse  model  of  Duchenne  muscular  dystrophy  that  is  dystrophin 
deficient  and  also  is  immune  deficient  to  inhibit  the  rejection  of  the  injected  human  cell  populations.  These  in 
vivo  experiments  will  allow  us  to  compare  the  myogenic  potential  of  the  cells  in  a  DMD  model  verse  the  acute 
muscle  injury  model  used  above  (i.e.,  the  cardiotoxin  injured  mice). 
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Figure  5.  Comparison  of  myogenic  regenerative  capacities  in  vivo.  Freshly  sorted  cells  were  transplanted 
into  the  cardiotoxin-injured  skeletal  muscles  of  SCID  mice.  Quantitative  analyses  of  human  spectrin-positive 
skeletal  myofibers  on  tissue  sections  revealed  that  myogenic  endothelial  cells  (MEC)  mediated  the  highest 
myogenic  regeneration  among  all  five  cell  fractions  tested  (*  p<0.05).  Injection  of  perivascular  stem  cells  (PSC) 
regenerated  more  human  myofibers  than  injections  of  myoblasts  (Myo)  ( /?>().( )5 )  and  unpurified  muscle  cells 
(Unsort)  (*  p< 0.05).  Finally,  myoblasts  (Myo)  displayed  a  higher  myogenic  capacity  than  unpurified  muscle 
cells  (Unsort)  (*  p<0.05).  (Red  immunostaining  is  spectrin,  Blue  nuclei  are  DAPI  stained) 


KEY  RESEARCH  ACCOMPLISHMENTS: 

•  Demonstration  of  prospective  isolation  of  myoblasts,  pericytes  and  myo-endothelial  cells  derived  from 
human  skeletal  muscle  biopsy,  and  from  both  expanded  and  cryopreserved  populations. 

•  Demonstration  that  the  myo-endothelial  cells  show  a  higher  level  of  myogenic  potential  in  vitro  as 
compared  to  myoblasts  and  pericytes. 

•  Demonstration  that  both  expanded  and  cryopreserved  cells  continue  to  show  some  myogenic  potential  in 
vitro. 

•  Demonstration  that  the  myo-endothelial  cells  show  a  significantly  higher  level  of  skeletal  muscle 
regeneration  in  vivo  as  compared  to  myoblasts  and  pericytes. 

•  Obtained  preliminary  evidence  that  PP3  cells  isolated  from  young  female  skeletal  muscle  has  a  higher 
myogenic  capacity  than  PP3  cells  isolated  from  old  skeletal  muscle. 

•  Obtained  preliminary  evidence  that  myoendothelial  cells  isolated  from  young  skeletal  muscle  is  more 
resistant  to  the  effects  of  oxidative  stress  than  those  isolated  from  old  skeletal  muscle. 

•  Preliminary  evidence  that  young  and  old  myondothelial  cells  possess  a  similar  proliferation  capacity. 

•  Optimized  the  growth  medium  for  human  myoendothelial  cells  in  order  to  increase  their  proliferation 
rates  and  reduce  their  differentiation  rates  by  maintaining  their  stem-like  state  in  culture. 

•  Identified  an  antibody  that  could  be  used  without  significant  background  staining  in  our  mdx/SCID 
model  of  DMD. 

•  Initiated  studies  comparing  male  and  female  myoendothelial  regeneration  efficiencies  in  vitro. 

•  Identified  a  physiological  testing  system  (DigiGait  system)  that  could  give  us  excellent  physiologic 
readouts  of  our  transplanted  animals. 

•  Immunomodulatory  properties  of  muscle-derived  stem  cells  are  associated  with  reduced  NF-KB/p65 
signaling. 

•  p65  +/-  MDSC  transplantation  can  improve  muscle  histology  in  dKO  mice  (mice  deficient  for  both 
utrophin  and  dystrophin)  after  IP  transplantation. 
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•  Further  preliminary  studies  have  demonstrated  human  muscle-derived  cell  engraftment  in  the  mdx/SCID 
model;  however,  there  is  poor  to  no  dystrophin  expression  in  the  transplanted  muscles  of  these  mice 
with  any  of  the  human  population  utilized. 

•  Engraftment  has  been  confirmed  with  GFP  and  human  MHC-1  antibodies. 

•  Identification  of  another  potential  model  of  DMD  to  complete  the  aims  of  this  grant  has  led  to  studies 
using  a  dystrophin/utrophin-/-  (double  knock-out,  dKO)  model  of  DMD  which  has  been  shown  to 
demonstrate  an  association  between  rapid  muscle  progenitor  cell  pool  exhaustion  with  the  progression 
of  the  DMD  pathology. 

•  Further  study  of  the  dKO  model  led  us  to  discover  that  the  MDCs  responsible  for  myogenesis  differ 
from  MDCs  involved  in  adipogenesis  in  the  dKO  mice. 

•  We  have  also  demonstrated  the  role  of  RhoA  signaling  in  regulating  the  process  of  heterotopic 
ossification  in  the  dystrophic  muscle  of  dKO  mice  which  indicates  that  RhoA  may  serve  as  a  potential 
target  for  repressing  injury-induced  and  congenital  heterotopic  ossification  in  humans. 

•  Found  that  NF-kB  has  a  broader  role  in  muscle  stem  and  progenitor  cells  than  previously  thought,  and 
that  the  anti-inflammatory  molecules  secreted  by  stem  cells,  such  as  HGF,  could  potentially  be 
harnessed  to  control  secondary  pathologies  of  muscle  diseases  such  as  DMD. 

•  Found  that  the  defect  in  the  MDCs  might  be  related  to  the  dystrophic  microenvironment  or  circulating 
factors  which  could  indicate  that  changing  the  dystrophic  microenvironment  could  be  a  new  approach  to 
improve  muscle  weakness  in  DMD  patients,  despite  their  continued  lack  of  dystrophin  expression. 
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CONCLUSION: 

Year  1:  Our  results  to  date  show  that  even  after  in  vitro  expansion  and  cryopreservation,  primary  human  muscle 
cells  harbored  various  subpopulations  of  cells.  We  have  identified  and  purified  to  homogeneity  four  distinct  cell 
populations  from  cryopreserved  primary  human  muscle  cells  including  two  stem  cell  subpopulations:  Pericytes 
(PSCs)  (CD  1 46+/CD45'CD56'UEA- 1 R  )  and  myoendothelial  cells  (MECs)  (CD56+CD146+UEA-1R+/CD45). 
Freshly  sorted  MECs,  PSCs,  endothelial,  and  myogenic  cells  were  transplanted  into  the  injured  skeletal  muscles 
of  SCID  mice  to  examine  their  myogenic  efficacy.  MECs  displayed  the  highest  muscle  regenerative  capacity 
among  all  cell  subsets  tested,  and  PSCs  were  superior  to  myoblasts  and  unpurified  cryopreserved  primary 
human  muscle  cells.  These  results  were  consistent  with  previous  observations  from  the  injection  of  cells 
isolated  from  fresh  muscle  biopsies.  Taken  together,  our  results  suggest  the  presence  of  distinct  subpopulations 
of  highly  myogenic  stem/progenitor  cells  within  expanded  cryopreserved  primary  human  muscle  cells  and 
support  the  feasibility  of  further  purifying  stem  cell  fractions  from  cryopreserved  human  cells.  Most 
importantly,  these  findings  infer  the  practicability  of  prospective  isolation  of  myogenic  stem/progenitor  cell 
populations  from  banked  human  skeletal  muscle  cells,  highlighting  a  new  technology  to  further  enhance  the 
availability  and  efficacy  of  cell-mediated  therapies. 

Year  2:  We  have  preliminary  evidence  that  there  are  no  differences  in  the  proliferative  abilities  between  old 
and  young  human  muscle  derived  cells;  however,  there  appears  to  be  a  difference  in  the  MDCs  myogenic 
differentiation  capacity  and  resistance  to  oxidative  stress.  We  also  formulated  a  medium  that  optimizes  the 
proliferative  capacity  of  our  human  MDCs  while  reducing  their  premature  myogenic  differentiation  and 
identified  a  non-invasive  behavioral  testing  system  to  detect  the  functional  physiological  improvements  of  the 
muscles  that  have  been  transplanted  with  our  muscle  derived  stem  cells.  Moreover,  we  have  demonstrated  that 
NF-kB  inhibition  stimulates  MDSC-mediated  muscle  regeneration  through  multiple  mechanisms,  including 
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through  the  expression  of  anti-inflammatory  factors  that  attenuate  inflammation  and  necrosis.  These 
experiments  have  identified  the  NF-kB  signaling  pathway  as  a  potential  therapeutic  target  to  enhance  muscle 
regeneration  following  injury  or  disease.  Our  results  have  demonstrated  less  inflammation  within  the 
regenerating  areas  of  muscles  of  mice  injected  with  p65+/"  MDSCs  (MDSCs  with  Vi  the  expression  of  the  NF-kB 
sub  unit  p65)  compared  to  the  untreated  muscles;  hence  the  use  of  NF-kappa  blockade  may  be  useful  to  improve 
the  regeneration  index  of  human  muscle-derived  stem  cells  in  the  skeletal  muscle  of  MDX/SCID  mice  and 
potentially  in  the  skeletal  muscle  to  DMD  patients. 

Year  3:  Mdx/SCID  mice  skeletal  muscle  generates  high  levels  of  background  when  immunostained  with  an 
antibody  against  “human  dystrophin”,  which  has  been  an  ongoing  problem  with  this  animal  model.  We  have 
been  performing  additional  tangential  experiments  on  another  model  of  DMD  that  is  deficient  for  both 
dystrophin  and  utrophin  known  as  the  double-knock  out  (dKO)  mouse.  This  model  was  being  used  because  its 
pathophysiology  more  accurately  resembles  that  of  DMD  patients  and  we  felt  might  better  accommodate  the 
experiments  outline  in  this  grant,  since  we  were  experiencing  the  technical  problems  with  the  mdx/SCID  model. 
In  a  set  of  experiments  performed  on  the  dKO  mice,  we  demonstrated  that  MPCs  isolated  from  the  skeletal 
muscle  of  old  dKO  mice  have  a  reduced  ability  to  proliferate  and  differentiate  compared  to  MPCs  isolated  from 
young  mice.  Moreover,  the  numbers  of  Pax7  positive  cells  in  vivo  undergo  a  rapid  decline  in  the  skeletal  muscle 
of  dKO  mice  during  aging  and  disease  progression.  This  study  suggested  that  the  exhaustion  of  stem  cells 
contributes  to  the  histopathology  associated  with  DMD  and  that  blocking  the  exhaustion  of  muscle  progenitor 
cells  and  stem  cell-mediated  therapy  could  be  used  as  a  potential  clinical  strategy  to  treat  muscle  disease.  In 
another  set  of  experiments  we  found  that  dKO-RACs,  mesenchymal  progenitor  cells  in  skeletal  muscle,  may 
contribute  to  adipogenesis  and  are  responsible  for  ectopic  fat  cell  formation  within  skeletal  muscle  in 
pathological  conditions  such  as  DMD.  Therefore,  targeting  RACs  to  block  adipogenesis  in  skeletal  muscle  may 
open  new  opportunities  to  treat  muscle  diseases.  We  also  found  that  DMD  mouse  models  featuring  different 
severities  of  muscular  dystrophy  may  have  varied  potentials  for  developing  HO  or  fatty  infiltration  in  the 
dystrophic  muscle,  and  RhoA  signaling  might  be  a  critical  mediator  of  the  determining  these  differential  fates, 
including  the  progression  towards  HO,  fatty  infiltration,  or  normal  muscle  regeneration.  In  another  set  of 
experiments  we  found  that  NF-kB  has  a  broader  role  in  muscle  stem  and  progenitor  cells  than  previously 
thought,  and  that  the  anti-inflammatory  molecules  secreted  by  stem  cells,  such  as  HGF,  could  potentially  be 
harnessed  to  control  secondary  pathologies  of  muscle  diseases  such  as  DMD.  In  a  final  set  of  experiments  we 
demonstrated  that  changes  to  the  dystrophic  microenvironment  could  be  a  new  approach  to  improving  muscle 
weakness  in  DMD  patients,  despite  their  continued  lack  of  dystrophin  expression.  We  believe  that  the 
information  gained  from  these  experiments  highlight  potential  treatment  regimes  that  could  rescue  the  stem  cell 
defect  in  muscular  dystrophy  and  could  prove  to  be  highly  successful  in  delaying  the  disease  progression  in 
DMD. 
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Sub-Project  2:  Generation  of  human  hepatocytes  from  patient-specific  stem  cells  for  treatment  of  life 
threatening  liver  injury 

Pis:  David  Perlmutter  and  Ira  J.  Fox 


INTRODUCTION: 

These  studies  are  focused  on  generating  human  hepatocytes  from  patient- specific  stem  cells  for  the  treatment  of 
life-threatening  liver  injury.  Two  technical  objectives  were  proposed:  1)  Determine  the  extent  to  which  human 
patient-specific,  induced  pluripotent  stem  (iPS)  cells  can  be  differentiated  into  primary  human  hepatocytes,  and 
2)  Determine  the  extent  to  which  the  PiZ  mouse  model  of  alpha- 1 -antitrypsin  (AT)  deficiency  can  be  developed 
as  a  platform  for  pre-clinical  testing  of  hepatic  stem  cell  transplantation  as  a  treatment  for  severe  liver  injury 
and  disease.  In  order  to  accomplish  these  objectives,  we  have  generated  3  human  iPS  cell  lines  from  normal 
patients  and  11  iPS  cell  lines  from  patients  with  alpha- 1 -antitrypsin  deficiency  (ATD).  These  cell  lines  have 
now  been  characterized  and  3  of  which  have  been  differentiated  into  hepatocytes.  We  have  demonstrated  that 
iPS  cell-derived  hepatocytes  from  ATD  patients  recapitulate  the  pathobiological  defects  observed  in  ATD 
hepatocytes.  We  show  that  there  is  decreased  AT  secretion  in  differentiated  ATD  iPS  cells  compared  to 
differentiated  normal  iPS  cells.  We  show  that  there  is  a  decreased  rate  of  disappearance  of  intracellular  AT  in 
ATD  iPS  cell-derived  hepatocytes  compared  to  normal  iPS  cell-derived  hepatocytes.  We  have  demonstrated 
that  iPS  derived  cells  can  be  transplanted  in  rodents  that  are  models  of  human  disease  and  that  engraftment  and 
expansion  of  the  derived  hepatocytes  corrects  the  disease.  Finally,  we  have  further  determined  the  ability  of 
donor  hepatocytes  to  expand  in  the  PiZ  mouse,  and  we  have  generated  PiZ  mice  on  an  immune-deficient 
background  and  have  begun  studies  showing  engraftment  and  expansion  of  pluripotent  stem  cell-derived 
hepatocytes  in  these  mice. 

BODY: 

1.1.  Generation  of  human  induced  pluripotent  stem  cells  (iPS  cells). 

We  hypothesized  that  patient  specific  iPS  cells  could  be  generated  from  primary  human  cells,  including 
hepatocytes,  and  that  under  appropriate  conditions,  the  iPS  cells  could  be  induced  to  differentiate  back  to 
hepatocytes  that  could  be  used  as  cellular  therapy  to  treat  the  liver  defect.  Here,  we  report  the  generation  of 
multiple  human  iPS  cell  lines  from  primary  human  cells  following  exposure  to  either  lentiviral,  excisable 
lentiviral  stem  cell  cassette  or  plasmid  constructs  carrying  reprogramming  factors.  In  Table  1  and  2,  we 
characterize  lines  derived  from  normal  controls,  and  patients  with  ATD.  We  have  characterized  the  lines  for 
markers  of  pluripotency,  including  alkaline  phosphatase  activity,  nuclear  NANOG,  OCT3/4  and  SOX2  staining, 
and  reactivity  to  antibodies  to  the  surface  markers  SSEA-4  and  TRA1-60,  and  confirmed  these  results  by  qPCR. 
In  addition,  genotyping  has  been  completed  on  most  of  the  ATD  and  control  iPS  cell  lines. 


Table  1.  List  of  normal  iPS  cell  lines 


Source  of  iPS  cell 
line 

Normal  human 

hepatocyte  (biopsy) 

Normal  dermal 

fibroblast 

Normal  dermal 

fibroblast 

Vector  used  for  iPS 
induction 

Lentivirus 

Excisable  Lentiviral 

Stem  Cell  Cassette 

Non-integrating 

plasmids 

Characterization  of  Pluripotency 

qPCR 

✓ 

ongoing 

ongoing 

Immunostaining 

✓ 

ongoing 

ongoing 

Teratoma  formation 

✓ 

ongoing 

ongoing 
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Genotype* 

ongoing 

G/G 

G/G 

Name  of  iPS  cell  line 

HH1591  iPS  cells 
(Control) 

BMC-1 

iPS  cells  (Control) 

NF-IF 

iPS  cells  (Control) 

*  G/G:  Homozygous  for  the  wild  type  allele 


Table  2.  List  of  ATI 

D  iPS  cell  lines 

Source  of  iPS 
cell  line 

AT  deficient 

human 

hepatocyte 

(Biopsy,  CHP 

HH1764 

(7/21/2010), 

10(Y)  M 

AT  deficient 
lung 

fibroblast 

(Biopsy) 

AT  deficient 
lung 

fibroblast 

(Biopsy) 

AT  deficient 
lung 

fibroblast 

(Biopsy) 

AT  deficient 
lung 

fibroblast 

(Biopsy) 

Vector  used  for 
iPS  induction 

Lentivirus 

Lentivirus 

Excisable 

Lentiviral 

Stem  Cell 

Cassette 

Excisable 

Lentiviral 

Stem  Cell 

Cassette 

Excisable 

Lentiviral 

Stem  Cell 

Cassette 

Characterization  of  Pluripotency 

qPCR 

✓ 

✓ 

ongoing 

ongoing 

ongoing 

Immunostaining 

✓ 

✓ 

ongoing 

ongoing 

ongoing 

Teratoma 

formation 

✓ 

✓ 

ongoing 

ongoing 

ongoing 

Genotype 

A/A 

A/A 

A/A 

A/A 

A/A 

Name  of  iPS 
cell  line 

ATH-1 

iPS  cells  (AT 
deficient) 

AT-10  cl-6 

iPS  cells  (AT 
deficient) 

6  other  clones 

100-3-Cr-l 

iPS  cells  (AT 
deficient) 

102-37B-Cr- 

2 

iPS  cells  (AT 
deficient) 

103-3-Cr-l 

iPS  cells  (AT 
deficient) 

*  A/A:  Homozygous  for  the  Z  allele 


Figure  1.  Morphologic  changes  during  hepatocyte  differentiation  of  HI  hES  cell  and  ATD  iPS  cell 
after  days  5  to  20.  Morphology  of  iPS  cells  after  the  phase  of  definitive  endoderm  (day  5),  hepatic 
specification  (day  10),  hepatic  induction  (day  15),  and  hepatic  maturation  (day  20). 

1.2.  Differentiation  of  human  iPS  cells  into  hepatocytes. 

We  have  now  generated  iPS  cell-derived  hepatocytes  in  a  manner  similar  to  what  we  have  published1,  and  using 
a  variation  on  the  technique  described  by  Si-Tayeb  2.  Figure  1  illustrates  the  morphologic  changes  that  occur 

Figure  2.  Expression  of 
cellular  marker  proteins 
during  differentiation  of 
human  ES  (a)  and  iPS  (b) 
cells.  The  ES  and  iPS  cells 
were  differentiated 
sequentially  to  definitive 
endoderm,  early  hepatocytes 
and  hepatocyte-like  cells. 
Immunofluorescence  staining 
for  human  OCT4,  alpha- 
fetoprotein  (AFP), 
cytokeratin  19  (CK19), 
cytokeratin  18  (CK18), 
hepatic  nuclear  factor  3p 
(HNF3P),  human  serum 
albumin  (hALB)  and 
asialoglycoprotein  receptor 
(ASGPR)  are  shown. 

during  differentiation,  and  Figure  2  demonstrates  changes  in  the  expression  profile  during  various  stages  of  the 
later  differentiation  process.  Not  shown  is  that  after  completion  of  the  differentiation  protocol,  UGT1A1 
activity  in  the  cells  was  15-20%  of  that  in  human  liver  homogenates.  Figure  3  shows  that  the  differentiated  HI 
hES  cells  and  ATD  iPS  cells  exhibit  several  ultrastructural  features  seen  in  primary  human  hepatocytes. 


.vie, 

xe. 


S’  x«- 


's  4>6%v°V 


OCT4 

AFP 

CK19 

CK18 

hALB 


OCT4 

HNF3p 

AFP 

CK18 

hALB 


ASGPR 


ASPGR 


ATH1  iPSc-derived  hep 


ATH1  iPSc-derived  hep 


HI  hESc-derived  hep 


Figure  3.  Electron  micrograph  of  HI  hES  cells  and  ATD  iPS  cells  following  hepatocyte-specific 
differentiation.  Shown  are  the  nuclei  (Nu),  bile  canaliculi  (BC),  microvilli  (MV),  tight  junctions 
(arrowhead),  and  desmosomes  (arrow). 
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1.3.  Analysis  of  differentiated  ATD  iPS  cells. 

We  performed  several  experiments  to  determine  whether  ATD  iPS  cell-derived  hepatocytes  recapitulate  the 
defect  observed  in  ATD  hepatocytes.  In  Figure  4,  we  show  that  differentiated  cells  secreted  50-65%  of  the 
albumin  levels  secreted  by  1°  human  hepatocytes  but  ATD  iPS  cell-derived  hepatocytes  secreted  only  50%  of 
the  level  of  AT  secreted  by  WT  iPS  cell-derived  or  1°  human  hepatocytes.  In  Figure  5,  we  show  that  similar  to 
an  ATD  patient  liver  biopsy,  electron  micrograph  of  ATD  iPS  cell-derived  hepatocytes  showed  poorly 
organized  and  markedly  dilated  rER.  In  Figure  6,  we  show  using  a  pulse-chase  analysis  that  there  is  a  slower 
rate  of  disappearance  of  intracellular  AT  in  differentiated  ATD  iPS  cells  (tV2=2.1  to  4  hr)  compared  to  control 
cells  (0/2=1 .3  hr).  More  importantly,  ATD  iPS  cell-derived  hepatocytes  from  a  patient  with  severe  liver  disease 
showed  a  more  prominent  delay  in  the  disappearance  of  intracellular  AT  (ATH-1  iPS  0/2=4  hr)  compared  to 
those  from  a  patient  with  no  liver  disease  (AT-10  iPS  0/2=2.!  hr). 


HI  hESc-derived  hep  ATH1  iPSc-derived  hep  ATH1  iPSc-derived  hep 


Figure  4.  ELISA  results  following 
hepatocyte-specific  differentiation  of 
HI  hES  cells  and  ATD  iPS  cells. 
Shown  are  the  albumin  and  AT- 
specific  ELISA  measurements 
derived  from  the  supernatant  of 
differentiated  cells  over  a  period  of  24 
hours  after  the  hepatic  maturation 
step  of  differentiation  compared  to 
the  results  from  control  fresh 
primary  human  hepatocytes. 


Figure  5.  Electron  micrograph  of 
differentiated  HI  hES  cells  and  ATD 
iPS  cells  following  hepatocyte-specific 
differentiation  show  markedly  dilated 
rER  in  differentiated  ATD  iPS  cells. 
Shown  are  the  nuclei  (Nu),  rough 
endoplasmic  reticulum  (rER),  Golgi 
bodies  (G),  lipid  droplets  (LD), 
glycogen  rosettes  (GLY),  microvilli 
(MV),  and  mitochondria  (arrowhead. 
For  comparison,  micrographs  of 
normal  and  dilated  rER  obtained 
from  a  liver  biopsy  of  an  ATD  patient 
are  also  shown  (inset). 
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Figure  6.  Pulse  chase  analysis  of  differentiated  stem  cells  and  control  cells.  After  cells  were  pulsed  for  1  hour  with  35S- 
methionine-containing  medium,  intracellular  (IC)  and  extracellular  (EC)  fractions  were  collected  at  each  of  the  indicated 
chase  time  points  (0  to  4  hours).  Samples  were  run  on  an  SDS-PAGE  gel  and  an  autoradiograph  was  obtained  (A). 
Densitometric  analysis  was  performed  in  order  to  calculate  the  half-life  (tVi)  of  the  rate  of  disappearance  of  intracellular  AT 
(B). 


1.4.  Transplantation  of  human  iPS  cell-derived  hepatocytes  with  correction  of  hyperbilirubinemia  in 
the  Gunn  rat  model  of  Crigler-Najjar  syndrome  type  1. 

To  determine  the  extent  to  which  stem  cell-derived  human  hepatocytes  could  be  engrafted  in  immune 
suppressed  rat  hosts,  we  transplanted  iPS  cell-derived  hepatocytes  into  Gunn  rat  livers  by  intrasplenic  injection 
3.  To  provide  a  proliferative  advantage  to  the  transplanted  cells, 
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Figure  7.  Effect  of  repopulation  of  the  Gunn  rat  liver  by  iPS  cell-derived  hepatocytes.  a,  Serum  bilirubin  levels  in  the 
four  recipient  Gunn  rats  (diamond,  square,  open  and  closed  triangles)  at  the  indicated  time  points  after 
transplantation  of  human  iPS  cell-derived  hepatocytes  are  shown  as  percentage  of  pre-transplantation  levels. 
Bilirubin  levels  of  untreated  age-matched  controls  are  also  shown  (open  circles,  mean+SEM  of  6  rats).  The  upper 
limit  of  serum  bilirubin  levels  in  congenic  normal  Wistar-RHA  rats  is  shown  as  a  dotted  line,  b  and  c,  Representative 
liver  sections  from  a  recipient  Gunn  rat  4-6  months  after  transplantation  of  human  iPS-derived  hepatocytes.  b, 
Immunohistochemical  staining  for  human  UGT1A1  showing  cell  clusters  derived  from  the  transplanted  cells,  c,  Dual 
immunofluorescence  staining  showed  that  a  majority  of  cells  positive  for  human  serum  albumin  (green)  were  also 
positive  for  human  UGT1A1  (red).  The  nuclei  are  stained  blue  (DAPI).  A  magnified  view  is  shown  in  the  insert,  d-f, 
HPLC  analysis  of  bilirubin  species  excreted  in  the  bile  of  a  control  Gunn  rat,  a  rat  receiving  iPS-derived  hepatocytes 
and  a  congeneic  normal  Wistar  RHA  rat  is  shown,  sf,  solvent  front;  ucb,  unconjugated  bilirubin;  bdg,  bilirubin 
diglucuronide;  bmg,  bilirubin  monoglucuronide.  Note  th^lifference  in  the  absorbance  unit  scale  in  panel  c  from  that 
in  panels  d  and  e. 


part  of  the  host  liver  was  irradiated  (50Gy)  and  an  adenovirus  vector  expressing  hepatocyte  growth  factor  was 
injected.  For  immune  suppression,  Tacrolimus  (2mg/kg)  was  injected  daily  beginning  7  days  before 
transplantation.  After  transplantation,  serum  bilirubin  levels  declined,  as  shown  in  Figure  7,  and  immuno- 
histochemistry  of  liver  sections  showed  clusters  of  human  albumin  and  UGT1A1 -positive  cells,  and  bilirubin 
conjugates  appeared  in  the  bile,  indicating  function  by  engrafted,  UGT1A1 -expressing  iPS-derived  hepatocytes. 
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Figure  8.  Kinetics  of  hepatic  repopulation  in 
PiZ  mice.  (A)  Ad-HGF  administration 
accelerated  repopulation.  ROSA26  mouse 
hepatocytes  (lx  106)  were  transplanted  into 
male  PiZ  mice  without  (upper  row)  or  with 
(lower  row)  Ad-  HGF  (1  x  1011  particles,  i.v.). 
Liver  sections  were  stained  for  E.  coli  P-gal 
(blue),  and  diastase  plus  PAS  (magenta)  to 
visualize  AAT-Z  globules.  Scale  bars:  100  pm. 
Data  are  from  representative  mice  from  each 
group  (j n  =  6).  (B)  Repopulation  was  greater  in 
male  recipients.  Male  and  female  PiZ  mice 
received  Ad-HGF  (n  =  6).  Hepatocyte 
transplantation  and  staining  of  liver  sections 
were  as  in  A.  (C  and  D)  Quantitative  DNA 
PCR.  Quantitative  PCR  for  the  E.  coli  lacZ 
gene  was  performed  on  DNA  extracted  from 
livers  of  recipient  mice.  Percentage  of 
repopulation  was  calculated  as  described  in  the 
text.  (C)  Graphic  presentation  of  data  from 
experimental  groups  shown  in  A  (mean  + 

SEM;  n  =  6  in  each  group),  showing 
significantly  higher  repopulation  in  the  Ad- 
HGF  group  at  all  time  points  {P  <  0.05).  (D) 
Data  are  from  the  experimental  groups  shown 
in  B  (mean  ±  SEM;  n  =  6  in  each  group), 
showing  significantly  higher  repopulation  in 
males  30,  60,  and  90  days  after  transplantation 
(P  <  0.05). 


1.5.  Hepatocyte  engraftment  and  proliferation  in  AT  (PiZ)  transgenic  mice. 

In  several  animal  models,  transplanted  hepatocytes  have  a  proliferation  advantage  over  the  host  liver  cells,  and 
nearly  100%  of  the  native  liver  can  be  replaced  by  the  donor  cells  4’ 5.  In  AT  deficiency,  the  abnormal  Z  protein 
can  aggregate  in  hepatocytes  and  these  aggregates  may  damage  cells.  Through  this  mechanism,  AT  deficiency 
patients  may  develop  liver  disease.  Since  Z  protein  aggregation  leads  to  hepatocyte  apoptosis,  it  has  been 
hypothesized  that  PiM  hepatocytes  transplanted  into  PiZ  livers  would  have  a  similar  selective  advantage  and 
may  progressively  increase  their  relative  contribution  to  liver  mass.  To  examine  this  possibility,  hepatocytes 
isolated  from  ROSA26  (beta-galactosidase  transgenic  mice)  were  transplanted  into  6-8  week  old  human  AT 
(hAT)  transgenic  mice.  Three  months  after  transplantation  approximately  20%  of  the  native  liver  was  replaced 
by  ROSA26  hepatocytes,  as  assessed  histologically  by  lacZ  staining  (Figure  8).  These  data  provide  direct 
evidence,  in  an  animal  model,  that  PiM  hepatocytes  have  the  capacity  to  progressively  replace  PiZ-expressing 
hepatocytes  following  transplantation.  In  addition,  we  have  accumulated  direct  evidence  that  expansion  of 
donor  hepatocytes  occurs  in  association  with  specific  areas  in  the  native  liver  where  high  levels  of  the  mutant 
AT  protein  can  be  found  as  aggregates  in  the  host  hepatocytes,  presumably  leading  to  apoptosis  6. 
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We  then  hypothesized  that  expression  of  the  mutant  AT-Z  should  reduce  the  capacity  of  the  host  hepatocytes  to 
proliferate  in  response  to  mitotic  stimuli,  which  should  accelerate  repopulation  by  transplanted  wildtype  cells. 
To  test  this,  we  examined  the  extent  of  hepatic  repopulation  after  hepatocyte  transplantation  in  groups  of 
recipient  PiZ  mice  with  administration  of  Ad-HGF.  The  extent  of  repopulation  was  significantly  greater  at  all 
time  points  in  the  group  that  received  Ad-HGF.  A  control  group  that  received  an  adenovector  that  expressed  an 
irrelevant  gene  did  not  exhibit  accelerated  repopulation.  Ninety  days  after  transplantation  40-60%  of  the 
hepatocytes  were  replaced  by  donor  cells,  and  in  occasional  PiZ  recipients,  the  repopulation  was  nearly 
complete,  so  that  only  the  bile  duct  epithelial  cells  and  the  non-parenchymal  cells  remained  from  the  host  liver 
(Figure  8).  The  increased  death  rate  of  host  hepatocytes,  combined  with  a  greater  mitotic  activity  of  the  donor 
cells  resulted  in  progressive  repopulation  of  the  host  liver  by  the  donor  cells,  while  the  liver  size  remained 
unaltered. 

1.6.  iPS  cell-derived  human  hepatocyte  engraftment  and  proliferation  in  immune-deficient  AT 
transgenic  mice. 

In  last  year’s  report  we  examined  whether  human  hES  cell-derived  hepatocytes  could  engraft  and  proliferate 
spontaneously  in  the  livers  of  immune  deficient  PiZ  mice.  We  have  now  examined  whether  iPS -derived 
hepatocytes  can  engraft  in  such  animals.  We  generated  SCID/PiZ  mice,  and  the  PiZ  genotype  in  the  offspring 
and  zygosity  for  the  SCID  mutation  were  determined  by  PCR  and  pyrosequencing,  respectively.  Human  iPS 
cells  were  then  differentiated  to  hepatocytes  as  described,  and  one  million  cells  were  transplanted  into  the  livers 
of  SCID/PiZ  mice  by  intrasplenic  injection.  To  stimulate  mitosis  of  hepatocytes,  lxlO11  adenovirus  vector 
particles  expressing  hepatocyte  growth  factor  (Ad-HGF)  were  injected  IV  into  recipients  one  day  after 
transplantation.  Engrafted  hepatocytes  were  identified  by  immunofluorescence  staining  for  human  serum 
albumin  (HSA).  The  engrafted  human  cells  had  hepatocyte-like  morphology  and, 

by  three  months  after  transplantation,  engrafted  iPS -derived  hepatocytes  were  present  as  large  colonies  within 
the  host  liver  (Figure  9).  Host  cells  exhibited  diastase/PAS -positive  AT-Z  globules,  but  the  HSA-positive 
human  hepatocytes  did  not.  These  studies  indicate  that  immune  deficient  PiZ  mice  are  an  excellent  model  for 
evaluating  stem  cell-derived  human  hepatocytes  in  terms  of  engraftment,  proliferation  and  function  1 . 


Fig  9.  Transplantation  of  ES-derived 
human  hepatocytes  in  SCID-PiZ  mice. 

Three-months  following  transplantation  of 
iPS-derived  hepatocytes  into  immune 
deficient  PiZ  mice,  immunofluorescence 
shows  large  clusters  of  engrafted  iPS- 
derived  hepatocytes  stained  green  for 
human  albumin.  Red  staining  represents 
hAT  globules  in  host  hepatocytes.  Nuclei 
are  stained  with  Dapi  (blue). 
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KEY  RESEARCH  ACCOMPLISHMENTS: 

1.  Generation  and  characterization  of  iPS  cell  lines  from  control  patients  and  patients  with  AT-deficiency 

2.  Further  characterization  of  iPS  cells  during  differentiation  into  hepatocyte-like  cells 

3.  Determination  of  AT  secretion  by  ELISA,  ultrastructure  by  electron  microscopy  and  rate  of 
disappearance  of  intracellular  AT  by  pulse  chase  analysis  in  ATD  iPS  cell-derived  hepatocytes 
compared  to  controls. 

4.  Transplantation  and  expansion  of  human  iPS-derived  hepatocytes  in  rats,  with  correction  of 
hyperbilirubinemia  in  the  Gunn  rat  model  of  Crigler-Najjar  syndrome  type  1. 

5.  Complete  repopulation  of  PiZ  mouse  livers  with  allogeneic  hepatocytes  facilitated  by  the  use  of 
hepatocyte  growth  factor  administration  after  transplantation 

6.  Engraftment  and  proliferation  of  human  pluripotent  stem  cell-derived  hepatocytes  in  immune-deficient 
alpha- 1 -antitrypsin-deficient  transgenic  mice 
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disease”,  Milwaukee,  Wisconsin,  May  10-11,  2011. 


35 


13.  Invited  Speaker,  The  66th  General  Meeting  of  the  Japanese  Society  of  Gastroenterological  Surgery, 

“Overcoming  barriers  to  the  use  of  hepatocytes  and  stem  cells  in  treating  patients  with  liver  diseases”, 
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14.  Invited  Speaker,  Research  Seminar  Series  in  Developmental  and  Regenerative  Biology,  University  of 

Kansas  Medical  Center,  “Use  of  hepatocytes  and  stem  cells  to  study  and  treat  liver  disease”,  Kansas 
City,  Kansas,  November  9-10,  2011. 

15.  Keynote  Speaker,  ISMRM  Workshop  on  MRI-based  cell  tracking  “Hepatocyte  transplantation  and  the  need 

to  track  engrafted  cells”,  Miami  Beach,  Florida,  January  29  -  February  1,  2012. 

16.  Invited  Speaker,  Challenging  the  Paradigms:  Liver  Transplantation  for  Metabolic  Disease,  Children’s 

Hospital  of  Pittsburgh,  “Hepatocyte  transplantation”,  Pittsburgh,  PA,  May  4-5,  2012. 

17.  Invited  Speaker,  American  Society  of  Gene  &  Cell  Therapy  15th  Annual  Meeting,  “Overcoming  barriers  to 

successful  cell  therapy  to  treat  liver  disease”,  Philadelphia,  PA  May  16-19,  2012 

18.  Invited  Speaker,  16th  Maple  Syrup  Urine  Disease  Symposium,  “Clinical  hepatocyte  transplantation  for  the 

treatment  of  metabolic  liver  diseases”,  Philadelphia,  PA,  June  28-30,  2012 

19.  Moderator,  Mid-day  Symposium:  “Allotransplants,  Cellular  Transplants,  Organ  Repair,  and 

Xenotransplants?  A  Debate  about  the  Future  of  Organ  Transplantation”,  American  Transplant 
Congress,  Boston,  MA,  June  2-6,  2012. 

20.  Invited  Speaker,  Liver  Biology:  Fundamental  Mechanisms  &  Translational  Application,  FASEB 
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hepatocytes  and  stem  cells  in  understanding  and  treating  liver  failure  and  cirrhosis”,  Tehran,  Iran, 
September  5-7,  2012. 


CONCLUSIONS: 

The  outcomes  of  our  studies  are  being  accomplished  as  expected,  and  there  is  no  change  anticipated  in  the 
research  plan.  The  intention  for  future  studies  is  to  attain  better  engraftment  and  more  complete  characterization 
of  differentiated  cells  following  transplantation. 
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INTRODUCTION 

Vascular  pericytes  are  the  mural  cells  that  tightly  encircle  capillaries 
and  microvessels  throughout  the  body.  In  general,  pericytes  control 
blood  vessel  maturation,  stability  and  contractility. 

Multi-lineage  stem/progenitor  cells  have  been  identified  within 
virtually  all  organs  in  both  human  and  mouse  and  are  named  diversely 
[1].  However,  due  to  the  retrospective  discovery  of  these  multi-lineage 
stem/progenitor  cells  in  culture,  the  true  identity  of  these  cells  in  situ 
remained  obscure.  It  has  been  hypothesized  that  vascular  pericytes  are 
indeed,  or  at  least  contain,  stem/progenitor  cells  that  are  able  to 
differentiate  into  bone,  cartilage,  fat  tissue  and  odontoblasts  [2]. 
Recently,  we  and  others  laboratories  have  shown  that  vascular  pericytes 
purified  from  multiple  human  organs  not  only  express  classic  MSC 
markers  but  harbor  stem  cell  properties  such  as  myo-,  osteo-,  chondro- 
and  adipogenic  potentials  [2].  Consequently,  pericytes  are  assumed  to  be 
one  of  the  developmental  origins  of  MSC.  Human  skeletal  muscle- 
derived  pericytes  were  not  only  shown  to  regenerate  skeletal  muscle 
fibers  in  dystrophic  as  well  as  cardiotoxin-injured  mouse  muscle  but  also 
sustain  impaired  cardiac  function  after  myocardial  infarction  in  vivo  [2]. 
Nevertheless,  whether  transplanted  vascular  pericytes  contribute  to  the 
reduction  of  fibrosis  at  the  site  of  injury  remains  to  be  elucidated.  Matrix 
metalloproteinases  (MMPs)  are  proteolytic  enzymes  responsible  for 
extracellular  matrix  protein  degradation  with  an  important  role  in  tissue 
remodeling  processes.  MMP-2  and  MMP-9  activities  are  often 
implicated  in  fibrosis  [3].  Using  the  animal  model  that  has  been 
established  previously,  we  commenced  to  explore  whether  or  not 
pericytes  influences  scar  tissue  formation  within  the  damaged  ischemic 
myocardium  and  attempt  to  elucidate  the  mechanism(s)  of  action  [4]. 

METHODS 
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Figure  1.  (a)  Flow  cytometry  analysis  of  long-term  cultured  CD34'CD45'CD56'CD146hlEh 
pericytes  .  (b)  Schematic  depiction  of  transplantation  of  muscle-derived  pericytes. 


Transplantation  of  Muscle-derived  Pericytes:  Immediately  after 
permanent  ligation  of  the  left  coronary  artery,  muscle-derived  pericytes 
from  cultures  were  injected  into  the  ischemic  myocardium  at  a  density  of 
3><105  cells/heart  (Figure  lb)  [4]. 

Scar  Tissue  Formation:  Masson’s  trichrome  staining  revealed 
myocardial  fibrosis  after  infarction  with  collagen  deposition  stained  in 
blue  (Figure  2a).  Quantification  at  2  weeks  post  injection  demonstrated  a 
38%  reduction  of  the  fibrotic  area  in  pericyte-injected  left  ventricles, 
compared  to  saline-injection  (Figure  2b). 


Figure  2.  (a)  Collagen  deposition  was  stained  blue  to  show  the  extent  of  myocardial  fibrosis, 
fbl  Pericvte-iniected  hearts  had  an  averase  38%  reduction  of  the  scar  area. 


Expression  of  MMP-2  by  Muscle-derived  Pericytes:  Real-time 
quantitative  PCR  results  revealed  that  cultured  muscle  pericytes  have 
higher  expression  of  MMP-2  gene  than  total  muscle  lysates,  but  not 
MMP-9.  Under  hypoxic  culture  conditions,  muscle  pericytes  retain  high 
expression  of  MMP-2  gene,  while  MMP-9  remained  very  low  (Figure  3). 


Cell  Isolation  and  Cell  Sorting :  Fresh  specimens  of  human  fetal  skeletal 
muscle  were  mechanically  dissociated  and  digested  with  collagenases. 
After  lysis  of  erythrocytes,  single  cell  suspension  was  obtained  by 
filtering  with  70-pm  cell  strainer.  For  cell  sorting,  cells  were  incubated 
with  the  following  directly-conjugated  antibodies:  anti-CD34-PE,  anti- 
CD45-APC,  anti-CD56-PE-Cy7,  and  anti-CD  146-FITC.  For  dead  cell 
exclusion,  7-amino-actinomycin  D  (7-AAD)  was  added  to  stained  cells 
before  running  on  a  FACSAria  flow  cytometer.  Flow  cytometry  with  an 
identical  gating  strategy  was  used  to  verify  the  purity  of  long-term 
cultured  muscle-derived  pericytes. 

Animal  Model  of  Fibrosis:  Permanent  ligation  of  the  left  coronary 
artery  was  performed  on  NOD/SCID  mice  under  open-chest  surgery. 
Immediately  after  the  ligation,  skeletal  muscle-derived  pericytes  from 
cultures  were  injected  into  the  ischemic  myocardium  (3x  105  cells/heart), 
while  the  control  groups  received  saline  injections  (PBS). 

Histolosv:  Masson’s  trichrome  staining  was  employed  to  reveal 
myocardial  fibrosis.  The  ratio  of  fibrotic  area  was  estimated  by  total 
collagen  deposition  versus  total  sectional  area  using  Image  J  software. 

Hypoxic  Culture:  Pericytes  were  cultured  in  vitro  under  hypoxic 
conditions  (2.5%  oxygen)  for  24  hours.  Supernatants  and  cell  pellets 
were  subsequently  collected  for  analysis. 

Real-time  Quantitative  PCR:  Real-time  Quantitative  PCR  analysis  was 
performed  to  detect  gene  expressions  of  matrix  metalloproteinase-2 
(MMP-2)  and  -9  (MMP-9)  in  total  muscle  lysates  and  muscle-derived 
pericytes  cultured  under  normal  and  hypoxic  conditions. 

RESULTS 

Purification  of  Human  Muscle-derived  Pericytes :  CD34  45  56  146hlgh 
muscle-derived  pericytes  were  sorted  and  cultured  as  previously 
described  [2].  To  ensure  long-term  cultured  muscle-derived  pericytes 
remain  homogeneous  and  retain  their  native  properties,  flow  cytometry 
was  employed  to  examine  the  expression  of  cell  surface  markers  used  to 
select  these  cells  plus  alkaline  phosphatase  (ALP),  another  pericyte 
marker.  The  result  shows  that  after  long-term  culturing  (>10  passages), 
all  cells  remain  negative  for  CD34,  CD45  and  CD56,  and  virtually  all 
pericytes  are  positive  for  CD  146  and  ALP  (Figure  la). 
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Figure  3.  Real-time  qPCR  results  of  (a)  MMP-2  gene  (b)  MMP-9  gene  expression  level  of 
total  muscle  lysates  and  long-term  cultured  muscle  pericytes.  MMP-2  gene  expression  level 
was  compared  between  muscle  pericytes  cultured  under  normoxia  (N4)  and  hypoxia  (L4). 


DISCUSSION 

We  demonstrated  that  transplantation  of  purified  skeletal  muscle- 
derived  pericytes  ameliorate  fibrosis  in  injured  ischemic  cardiac  muscle, 
possibly  exerting  a  preventative  effect.  Reduced  MMP-2  activity  has 
been  shown  to  contribute  to  cardiac  fibrosis  in  pathological  conditions 
[5].  We  consequently  hypothesized  that  the  high  expression  level  of 
MMP-2  by  muscle-derived  pericytes,  even  under  hypoxic  conditions, 
may  play  a  key  role  in  pericyte-mediated  reduction  of  fibrosis.  We  are 
currently  conducting  experiments  to  demonstrate  the  efficacy  of  muscle 
pericyte  transplantation  in  diminishing  chronic  fibrosis.  We  are  also 
investigating  the  influence  of  increased  angiogenesis,  a  beneficial  effect 
displayed  by  muscle  pericytes,  on  reduction  of  fibrosis.  Overall,  this 
study  will  shed  light  on  the  therapeutic  value  of  muscle-derived 
pericytes  for  the  treatment  of  fibrosis  in  the  injured  tissues  including 
musculoskeletal  tissues. 
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INTRODUCTION 

Duchenne  muscular  dystrophy  (DMD)  is  a  deadly  genetic  disease 
mainly  characterized  by  progressive  weakening  of  the  skeletal, 
cardiac  and  diaphragmatic  muscles.  It  is  critical  to  find  a  successful 
therapy  that  will  improve  the  histopathology  of  the  muscles  of  DMD 
patients  and  restore  their  normal  function.  Recent  studies  have 
demonstrated  that  blocking  p65,  a  subunit  of  NF-kB,  enhances 
muscle  regeneration  in  injured  and  diseased  skeletal  muscle  [1,  2], 
which  suggests  that  the  NF-kB  signaling  pathway  is  a  contributing 
factor  to  the  dystrophic  pathology  in  DMD  patients.  Previously  we 
demonstrated  that  muscle  derived  stem  cells  (MDSCs)  isolated  from 
the  skeletal  muscles  of  heterozygote  P65  knock-out  ( P65+/ )  mice 
showed  better  muscle  regeneration  in  vitro  and  in  vivo  compared  to 
the  MDSCs  isolated  from  wild-type  (WT)  mice.  We  also 
demonstrated  that  the  transplantation  of  P65+/'  MDSCs  could  reduce 
inflammation.  Based  on  these  results  we  performed  a  set  of 
experiments  to  determine  if  these  P65+/'  MDSCs  could  alleviate  the 
pathology  associated  with  DMD  more  efficiently  than  wild-type 
MDSCs.  When  we  injected  p65+/'  MDSCs  intraperitoneally  into 
dystrophin/utrophin  deficient  (dys-/-:utro-/-,  dKO)  mice,  a  reliable 
mouse  model  of  DMD,  we  found  that  the  histopathology  of  various 
skeletal  muscles  improved  and  observed  a  reduction  in  inflammation, 
necrosis  and  pathological  muscle  regeneration. 

MATERIALS  AND  METHODS 

Cell  Isolation :  MDSCs  were  isolated  from  5  month  old  P65+/'  and 
WT  mice  as  previously  described  via  a  modified  preplate  technique 
[3].  The  cell  suspensions  from  both  P65+/'  and  WT  muscle  were 
plated  on  collagen  coated  flasks  and  cultured  in  proliferation  medium 
(DMEM  supplemented  with  10%  fetal  bovine  serum,  10%  horse 
serum,  0.5%  chicken  embryo  extract  and  1%  Penicillin-streptomycin) 
until  the  cell  number  was  sufficient  for  injection. 

Intrap eritoneal  injection  (IP):  A  total  of  5-9  xlO5  viable  cells  were 
suspended  in  50  pi  of  PBS  and  injected  IP  into  5-7  days  old  of  dKO 
mice.  Four  to  six  weeks  after  transplantation,  the  mice  were  sacrificed 
and  their  muscles  were  harvested  and  flash  frozen  in  liquid  nitrogen- 
cooled  2-methylbutane.  10pm  serial  cryosections  were  prepared  from 
the  frozen  muscle. 

Immunohistocytochemistry 

Cryosections  were  fixed  with  5%  formalin,  blocked  with  5%  Donkey 
serum,  and  then  incubated  with  an  antibody  against  mouse  IgG 
(Biotinlated)  to  determine  the  extent  of  muscle  fiber  necrosis.  An 
antibody  against  embryonic  muscle  heavy  chain  (E-MyHC)  was  used 
to  evaluate  myogenic  regeneration  and  an  antibody  against  F4/80 
(macrophage  marker)  was  used  to  analyze  the  extent  of  inflammation 
in  the  muscle  tissues.  Streptavidin  Cy3  conjugate  and  Alexafluor  488 
conjugated  anti-mouse  IgG  were  used  as  secondary  antibodies.  H&E 
staining  was  performed  to  assess  myofiber  morphology  and  fibrosis. 

RESULTS 

Transplantation  ofP65+/-  MDSCs  improved  muscle  histology 

H&E  showed  histology  improvement  in  various  skeletal  muscles 
including  the  gastrocnemius,  diaphragm,  thigh  and  tibialis  anterior 
muscles.  We  observed  many  centrally  nucleated  muscle  fibers  (new 
regenerated  fibers)  and  decreased  fibrosis  in  the  p65+/'  MDSC 
injection  group  (Figure  1,  thigh  muscle). 

Transplantation  ofP65+/-  MDSCs  reduced  muscle  necrosis 
Mouse  IgG  staining  showed  that  there  were  less  necrotic  muscle 
fibers  in  the  mice  injected  with  p65+/'  MDSCs  compared  to  the  un¬ 
treated  muscle  (Figure2) 

Transplantation  of  P65+/'  MDSCs  reduced  inflammation  and 

pathological  muscle  regeneration 


Less  inflammation  and  E-MyHC  positive  myofibers  were  found  in  the 
muscles  of  mice  injected  with  p65+/'  MDSCs  compared  to  non-treated  muscle 

(Figure3). 

Figurel 

DKO  untreated  muscle  DKO  muscle  treated  with  MDSCs 


Figure2 

DKO  untreated  muscle  DKO  muscle  treated  with  MDSCs 


Figure3 

DKO  muscle  nontreated  DKO  muscle  treated  with  MDSCs 


DISCUSSION 

In  this  study  we  used  MDSCs  isolated  from  p65+/-  mice  to  treat  dystrophin-/- 
utrophin-/-  mice.  The  up-regulation  of  the  NF-kB  pathway  in  these  mice  is 
associated  with  chronic  inflammation  which  results  in  pathologies  such  as 
muscle  fibrosis,  necrosis,  and  muscle  wasting.  Our  findings  indicated  that 
blocking  p65,  a  subunit  of  NF-kB,  can  decrease  macrophage  infiltration, 
fibrosis  formation,  necrosis,  and  diminishes  pathologic  regeneration  in  4  to  6 
week  dKO  mice.  We  also  attempted  to  inject  the  WT  MDSCs  isolated  from 
normal  animals;  however,  the  results  did  not  show  an  improvement  in  the 
histopathology  of  the  mice.  These  results  suggest  that  reducing  the  activity  of 
the  IKK/NF-kB  pathway  is  a  potential  therapeutic  target  for  the  treatment  of 
DMD.  These  are  only  preliminary  data;  however  they  are  very  exciting  and 
we  are  planning  to  test  additional  animals  in  order  to  further  confirm  these 
results. 
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INTRODUCTION 

The  nuclear  factor  kappa  B  (NF-kB)  signal  pathway  has  been 
implicated  in  both  the  normal  and  disease  states  of  many  different 
tissues.  In  skeletal  muscle,  for  example,  constitutive  activation  of 
inhibitor  of  kappa  B  kinase  (IKK(3),  a  potent  activator  of  NF-kB, 
leads  to  muscle  wasting[l].  Inversely,  muscle  specific  deletion  of 
IKK|3  in  a  murine  model  of  muscular  dystrophy  improves 
dystrophic  pathology  and  is  accompanied  by  an  increase  in  the 
number  of  cells  fitting  a  muscle  progenitor  marker  profile 
(CD347Scal'),  suggesting  that  NF-kB  has  a  direct  effect  on 
muscle  stem  cells  [2].  The  NF-kB  protein  family  includes  five 
subunits,  two  of  which,  a  p65-p50  heterodimer,  are  thought  to  play 
a  role  in  blocking  early  myogenesis[3].  In  this  study,  we  examined 
the  role  of  NF-kB  signaling  in  the  regenerative  phenotype  of 
muscle-derived  stem  cells  (MDSCs)  isolated  from  the 
gastrocnemius  of  p65  deficient  mice  (heterozygous,  p65+/'  )  and 
wild  type  littermates  (p65+/+ ).  We  previously  found  that  p65+/~ 
MDSCs  have  enhanced  cell  proliferation,  survival  under  oxidative 
stress,  differentiation,  and  muscle  regeneration  capacity. 
Furthermore,  we  have  found  that  p65+/'  engraftments  in  wild  type 
skeletal  muscle  are  associated  with  reduced  inflammation  and  fiber 
necrosis  compared  to  p65+l+  MDSC  engraftments.  In  vitro  and  in 
vivo  experiments  suggest  that  reduction  of  p65  signaling  enhances 
the  regenerative  phenotype  of  MDSCs,  suggesting  this  pathway  as 
a  candidate  target  to  improve  stem  cell-based  therapies  for  muscle 
disease  and  injury. 

MATERIALS  AND  METHOD 

Cell  Isolation :  MDSCs  were  isolated  from  five  month  old  (n=3) 
p65+/+  or  p65+/~  mice  via  a  preplate  technique  [4],  A  population  of 
slowly  adhering  cells  was  obtained  and  expanded  in  DMEM 
containing  10%  fetal  bovine  serum  (FBS),  10%  horse  serum,  1% 
penicillin-streptomycin,  and  0.5%  chick  embryo  extract.  Cells 
were  used  between  passages  15  and  30. 

In  vivo  regeneration  assay:  Muscle  injury  was  induced  in 
C57B1/6J  mice  by  cardiotoxin  injected  into  gastrocnemius.  One 
day  later,  MDSCs  were  injected  into  the  injured  muscles.  Six  days 
following  transplantation,  mice  were  sacrificed  and  injected 
muscles  were  harvested  and  snap-frozen.  Serial  cryosections  were 
prepared  and  immunohistochemistry  was  performed  to  assess 
inflammation  (CD  14)  and  necrosis  (IgG).  The  number  of  CD  14  (+) 
cells  was  counted  to  assess  infiltration  of  macrophages/monocytes. 
Necrosis  was  determined  by  mouse  IgG  staining  and  quantified  by 
assessing  the  percentage  of  positively  stained  area. 

In  vitro  Inflammation  Model:  MDSCs  were  grown  for  24  hours  in 
proliferation  medium,  after  which  the  medium  was  collected  and 
sterile  filtered.  RAW264.7  cells,  immortal  murine  macrophage¬ 
like  cells,  were  activated  by  exposure  to  100  ng/mL  LPS  in  either 
p65+/+~,  p65+/'~,  or  muscle-derived  fibroblast  conditioned  medium 
for  24  hours. 

Gene  Expression  Analysis :  Cells  were  washed  and  RNA  collected 
by  Trizol  extraction.  Total  RNA  was  reverse  transcribed  with 
Superscript  III  reverse  transcriptase  (Invitrogen)  according  to 
manufacturer’s  protocols.  The  PCR  reaction  was  carried  out  with 
Taq  Polymerase  (Promega),  according  to  manufacturer’s  protocols. 
PCR  products  were  analyzed  by  electrophoresis  on  a  1.5%  agarose 
gel 

RESULTS 

Wild  type  mice  were  injected  with  either  p65+/+  (Fig  1  A)  or  p65+/~ 
(Fig  IB)  MDSCs  in  the  gastrocnemius  muscle  and  sacrificed  six 
days  later.  Tissues  were  cryosectioned  and  immunostained  with 


antibodies  against  CD  14  to  identify  a  monocyte/macrophage 
infiltrate,  indicating  inflammation,  as  well  as  with  antibodies 
against  mouse  immunoglobulin  G,  a  marker  of  necrosis.  Injections 
of  p65+/'  cells  were  associated  with  a  decrease  in  both  necrosis  and 
inflammation  (Fig  1B-D),  compared  to  p65+/+  injections  (FiglA, 
C-D). 

Figure  1. 


To  investigate  anti-inflammatory  properties  of  MDSCs,  we  utilized 
an  in  vitro  inflammation  model  in  which  RAW264.7  cells, 
immortal  murine  macrophage-like  cells,  are  activated  by  LPS 
exposure.  We  found  that  RAW264.7  cells  exposed  to  LPS  in 
p65+/'  CM  expressed  less  IL-1  compared  to  controls,  suggesting 
that  p65+/-  MDSCs  secrete  immunomodulatory  factors  that  hinder 
pro-inflammatory  macrophage  activation. 
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DISCUSSION 

The  data  presented  here  provides  evidence  supporting  that  NF- 
kB  inhibition  stimulates  MDSC-mediated  muscle  regeneration 
through  multiple  mechanisms,  including  through  the  expression  of 
anti-inflammatory  factors  that  attenuate  inflammation  and  necrosis. 
These  experiments  identify  the  NF-kB  signaling  pathway  as  a 
potential  therapeutic  target  to  enhance  muscle  regeneration 
following  injury  or  disease.  Future  directions  for  this  project 
include  investigating  modulation  of  the  IKK/NF-kB  pathway  as  a 
means  to  rejuvenate  the  phenotype  of  aged  muscle  stem  and 
progenitor  cells.  Clinical  research  should  be  conducted  to  test  the 
efficacy  of  p65  inhibition  therapy  in  patients  suffering  from  muscle 
disorders. 
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Inhibition  of  the  inhibitor  of  kappa  B  kinase  (IKK)/nuclear 
factor-kappa  B  (NF-kB)  pathway  enhances  muscle  regen¬ 
eration  in  injured  and  diseased  skeletal  muscle,  but  it 
is  unclear  exactly  how  this  pathway  contributes  to  the 
regeneration  process.  In  this  study,  we  examined  the 
role  of  NF-kB  in  regulating  the  proliferation  and  differ¬ 
entiation  of  muscle-derived  stem  cells  (MDSCs).  MDSCs 
isolated  from  the  skeletal  muscles  of  p65+/~  mice  (haplo- 
insufficient  for  the  p65  subunit  of  NF-kB)  had  enhanced 
proliferation  and  myogenic  differentiation  compared  to 
MDSCs  isolated  from  wild-type  (wt)  littermates.  In  addi¬ 
tion,  selective  pharmacological  inhibition  of  IKKp,  an 
upstream  activator  of  NF-kB,  enhanced  wt  MDSC  dif¬ 
ferentiation  into  myotubes  in  vitro.  The  p65+/~  MDSCs 
also  displayed  a  higher  muscle  regeneration  index  than 
wt  MDSCs  following  implantation  into  adult  mice  with 
muscular  dystrophy.  Additionally,  using  a  muscle  injury 
model,  we  observed  that  p65+/~  M DSC  engraftments  were 
associated  with  reduced  inflammation  and  necrosis. 
These  results  suggest  that  inhibition  of  the  IKK/NF-kB 
pathway  represents  an  effective  approach  to  improve 
the  myogenic  regenerative  potential  of  MDSCs  and  pos¬ 
sibly  other  adult  stem  cell  populations.  Moreover,  our 
results  suggest  that  the  improved  muscle  regeneration 
observed  following  inhibition  of  IKK/NF-kB,  is  mediated, 
at  least  in  part,  through  enhanced  stem  cell  proliferation 
and  myogenic  potential. 
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INTRODUCTION 

Nuclear  factor-kappa  B  (NF-kB)  is  a  ubiquitously  expressed 
nuclear  transcription  factor  that  is  evolutionarily  conserved.  In 
mammals,  the  NF-kB  family  consists  of  five  subunits,  p65  (RelA), 
c-Rel,  RelB,  p50,  and  p52d  Transcriptionally  active  NF-kB  exists 
as  a  dimer,  with  the  most  common  form  being  a  p50-p65  het¬ 
erodimer.  Under  nonstress  conditions,  the  heterodimer  is  main¬ 
tained  in  an  inactive  state  in  the  cytoplasm  via  its  interaction  with 


inhibitor  of  kappa  B  (IkB)  proteins.  Classic  NF-kB  activation  is 
mediated  by  IkB  kinase  (IKK),  a  large,  700-900  kDa  complex  con¬ 
sisting  of  two  catalytic  subunits,  IKKa  and  IKK(3,  and  a  regulatory 
subunit  named  IKKy  or  NEMO  (NF-kB  essential  modulator).  In 
response  to  a  variety  of  stimuli,  including  pro  inflammatory  cytok¬ 
ines,  bacterial  products,  viruses,  growth  factors,  and  oxidative 
stress,  the  complex  is  activated.  Activated  IKK(3  phosphorylates 
IkB,  leading  to  its  polyubiquitylation  and  subsequent  degradation 
by  the  26S  proteasome.  IkB  degradation  allows  NF-kB  to  translo¬ 
cate  to  the  nucleus  where  it  binds  to  its  cognate  DNA  site,  as  well 
as  coactivators  such  as  CBP/p300,  to  induce  gene  expression.2-5 
Dysregulation  of  this  pathway  can  result  in  chronic  activation  of 
IKK  or  NF-kB,  and  is  seen  in  several  pathophysiological  states 
including  cancer,  rheumatoid  arthritis,  sepsis,  muscular  dystro¬ 
phy,  heart  disease,  inflammatory  bowel  disease,  bone  resorption, 
and  both  type  I  and  II  diabetes.6,7 

The  NF-kB  pathway,  long  recognized  as  an  important  com¬ 
ponent  of  innate  and  adaptive  immunity,  has  also  more  recently 
emerged  as  a  key  player  in  the  regulation  of  skeletal  muscle  homeo¬ 
stasis.8  Furthermore,  activation  of  NF-kB  in  skeletal  muscle  has 
been  linked  to  cachexia,  muscular  dystrophies,  and  inflammatory 
myopathies.9-13  Conversely,  knockout  of  p65,  but  not  other  sub¬ 
units  of  NF-kB,  enhances  myogenic  activity  in  MyoD-expressing 
mouse  embryonic  fibroblasts.14  Although  it  is  known  that  genetic 
depletion  of  p65  enhances  muscle  regeneration  in  both  mdx  and 
wild-type  (wt)  murine  skeletal  muscle,13  the  mechanism  through 
which  reduced  of  NF-kB  activity  positively  impacts  skeletal  mus¬ 
cle  remains  unclear. 

Given  that  the  repair  of  damaged  tissues  is  mediated  by  adult 
stem  cell  populations,  we  hypothesized  that  NF-kB  activity  nega¬ 
tively  regulates  muscle  stem  cell  function.  In  this  study,  we  specifi¬ 
cally  focus  on  the  role  of  p65  in  regulating  muscle-derived  stem 
cell  (MDSC)  growth  and  differentiation.  This  population  of  adult 
stem  cells  is  capable  of  restoring  muscle  function.15,16  As  complete 
knockout  of  p65  (p65~^~)  results  in  embryonic  lethality,  we  isolated 
MDSCs  from  the  skeletal  muscles  (SKM)  of  p65+/~  mice  and  wt  lit¬ 
termates.17  We  observed  that,  in  vitro ,  p65  haploinsuffiency  was  asso¬ 
ciated  with  increased  cell  proliferation  and  myogenic  differentiation. 
Pharmacologic  inhibition  of  IKK/NF-kB  also  enhanced  myogenic 
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differentiation.  We  also  demonstrated  that  p65+^~  MDSCs  have 
a  higher  capacity  for  muscle  regeneration  after  implantation  into 
dystrophic,  mdx  mouse  SKM.  Furthermore,  we  show  that  muscle 
inflammation  and  necrosis  post-injury  is  decreased  following 
p65+/~  MDSC  implantation  into  cardiotoxin  (CTX)  injured  SKM. 
These  results  suggest  that  reducing  the  activity  of  the  IKK/NF-kB 
pathway  is  an  effective  approach  to  improve  the  myogenic  poten¬ 
tial  of  MDSCs  and  possibly  other  adult  stem  cell  populations.  Our 
results  provide  a  novel  mechanistic  insight  as  to  why  the  inhibition 
of  this  pathway  promotes  SKM  healing. 

RESULTS 

Isolation  and  phenotypic  characterization  of  MDSCs 
from  p65+/_  and  wt  mice 

To  examine  the  effect  of  NF-kB  activity  on  MDSC  function,  we 
purified  populations  of  muscle  stem  cells  from  the  SKM  of  mice 
heterozygous  for  the  p65  subunit  of  NF-kB  ( p65+/~ )  and  wt  lit- 
termates.  Using  a  modified  preplate  technique,18  we  isolated 
independent  populations  of  MDSCs  from  three  mice  of  each 
genotype.  To  confirm  that  p65  haploinsufficiency  reduced  basal 
levels  of  NF-kB  activity,  nuclear  p65  was  measured  via  ArrayScan. 
Nuclear,  or  active,  p65  was  found  to  be  30%  lower  in  p65+/~  than 
the  wt  MDSCs  (Figure  la).  Upon  activation,  NF-kB  subunits 
undergo  post-translational  modifications,  such  as  phosphoryla¬ 
tion,  to  enhance  their  activity.19  Immunoblot  analysis  revealed 
that  the  level  of  phosphorylated  p65  (P-p65)  was  also  reduced; 
however,  stimulation  with  tumor  necrosis  factor-a  (TNFa)  led 
to  an  increased  level  of  P-p65  in  both  wt  and  p65+/~  MDSCs 
(Figure  lb),  demonstrating  that  basal,  but  not  induced,  NF-kB 
activity  is  affected  by  knocking-out  one  allele  of  p65. 

To  confirm  the  MDSC  phenotype  of  p65+,~  and  wt  cells,  each 
population  was  analyzed  for  the  expression  of  stem  (CD34,  Sca- 
1),  myogenic  (MyoD,  desmin),  and  endothelial  (CD  144,  CD31) 
cell  markers  by  reverse  transcriptase-PCR.  For  each  of  the  mark¬ 
ers,  there  was  variability  in  expression  between  cell  populations 
of  a  single  genotype.  However  upon  quantification,  no  significant 
differences  were  found  between  the  different  genotypes,  with 
the  exception  of  CD  144,  which  was  elevated  in  p65+/~  MDSCs. 
(Figure  2a, c,  P  <  0.05).  Such  variability  in  marker  expression 
has  been  previously  reported  and  interpreted  as  evidence  that 
these  cell  populations  contain  a  mixture  of  stem  and  committed 


Figure  1  Muscle-derived  stem  cells  (MDSCs)  obtained  from  the  skel¬ 
etal  muscles  (SKM)  of  p65+/~  mice  have  a  lower  level  of  activated  p65 
compared  to  wild-type  (wt)  MDSCs.  (a)  ArrayScan  analysis  of  nuclear 
p65  in  MDSCs  isolated  from  p65+^~  and  wt  mice.  Error  bars  indicate 
"mean  +  SD."  (b)  Immunoblotting  for  phosphorylated  p65  in  whole 
cell  lysates  of  MDSCs  before  and  after  tumor  necrosis  factor-a  (TNFa) 
stimulation  for  30  minutes. 


progenitor  cells.20,21  We  next  examined  the  expression  of  Pax7  and 
MyoD  protein  by  immmunostaining,  and  also  found  no  signifi¬ 
cant  difference  between  p65+//_  and  wt  cells  (Figure  2b, d).  These 
results  suggest  that  genetic  reduction  of  p65  does  not  dramatically 
alter  the  phenotype  of  MDSCs. 

p65+/“  MDSCs  proliferate  faster  than  wt  MDSCs 

NF-kB  is  known  to  regulate  cell  division,  so  we  investigated 
whether  p65  reduction  would  alter  MDSC  proliferation.  The 
three  populations  of  p65+^~  and  wt  MDSCs  were  plated  in  col¬ 
lagen-coated  flasks  and  expanded  in  growth  medium  for  10-12 
passages.  Cells  were  then  transferred  to  24-well  plates  and  prolif¬ 
eration  measured  using  a  previously  described  Live  Cell  Imaging 
system.22  We  observed  that  p65+/~  MDSCs  proliferated  signifi¬ 
cantly  faster  than  wt  cells  (Figure  3a  and  Supplementary  Videos 
S1-S2).  Equal  numbers  of  cells  were  also  plated  on  a  96-well  plate 
and  grown  for  three  days  at  which  point  the  differences  in  cell 
number  were  determined  using  an  MTS  assay.  This  assay  demon¬ 
strated  a  similar  significant  increase  in  cell  proliferation  in  p65+^~ 
MDSCs  (Figure  3b)  suggesting  that  NF-kB,  and  in  particular  p65, 
limits  the  proliferation  of  MDSCs. 

p65+/_  MDSCs  have  enhanced  myogenic 
differentiation  compared  to  wt  cells 

We  next  measured  the  ability  of  the  p65+/~  and  wt  MDSCs  to 
undergo  myogenic  differentiation  in  vitro.  Equal  numbers  of 
cells  were  plated  in  a  24 -well  plate  and  switched  to  differentiation 
medium  once  the  cells  adhered.  After  3  days  the  majority  (80%)  of 
the  p65+/~  cells  had  differentiated  into  myotubes,  as  determined 
by  immunodetection  of  myosin  heavy  chain  (Figure  4a).  The 
differentiation  potential  of  the  p65+/~  MDSCs  was  significantly 
greater  than  the  wt  MDSCs  (60%;  P  <  0.01;  Figure  4b).  The  dif¬ 
ference  was  also  demonstrated  using  the  live  cell  imaging  system 
described  above  (Supplementary  Videos  S3-S4).  These  results 
demonstrate  that  NF-kB,  and  in  particular  p65,  represses  MDSC 
differentiation  in  vitro. 

Pharmacologic  inhibition  of  IKKp  increases  myogenic 
differentiation  in  vitro 

To  confirm  this  finding  implicating  NF-kB  as  negatively  impact¬ 
ing  MDSC  differentiation,  we  tested  whether  a  pharmacologic 
inhibitor  of  NF-kB  could  enhance  MDSC  myogenic  potential  in 
vitro,  wt  MDSCs  were  exposed  to  differentiation  medium  contain¬ 
ing  various  doses  of  IKK-2  inhibitor  IV  (IKKi),  a  specific,  revers¬ 
ible  inhibitor  of  IKK(3.  Cell  lysates  were  collected  at  0,  1,  14,  24, 
48,  and  72  hours  following  treatment.  Accordingly,  myosin  heavy 
chain  (MyHC)  levels  dramatically  increased,  beginning  at  14  hours 
(Figure  5a, c).  As  expected,  we  observed  a  robust  time-dependent 
decrease  in  P-p65  that  was  dose-dependent  (greater  at  3  pmol/1  than 
1  pmol/1;  Figure  5b).  We  next  examined  NF-kB  activity  in  wt  and 
p65+/~  MDSCs  at  various  time  points  during  myogenic  differenti¬ 
ation  by  immunodetection  of  P-p65  and  MyHC.  In  wt  cells,  begin¬ 
ning  at  48  hours  post-transition  to  differentiation  medium,  the 
levels  of  p-p65  were  detectably  reduced  (Figure  5d).  This  occurred 
more  rapidly  (by  24  hours)  in  p65+^~  cells.  Similarly,  accumulation 
of  MyHC  was  greater  at  earlier  time  points  (14  hours)  in  p65+^~ 
cells  than  wt.  This  timeframe  for  MyHC  accumulation  is  similar 
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Figure  2  p65+^~  and  wild-type  (wt)  muscle-derived  stem  cells  (MDSCs)  exhibit  a  similar  molecular  marker  profile,  (a)  RNA  was  isolated  from 
three  independent  cell  populations  of  each  genotype.  Reverse  transcriptase-PCR  (RT-PCR)  was  performed  to  characterize  the  MDSC  populations 
for  the  expression  of  stem  (CD34  and  Sca-1),  endothelial  (CD31  and  CD144)  and  myogenic  (MyoD  and  desmin)  cell  markers,  (b)  Immunostaining 
for  the  muscle  stem  cell  markers  Pax7  and  MyoD  was  also  performed  (bar  =  25  pm),  (c)  Quantification  of  RT-PCR  results.  Error  bars  indicate  "mean  + 
SD"  (n  =  3  independent  experiments),  (d)  Quantification  of  Immunostaining  of  Pax7  and  MyoD. 
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Figure  3  Muscle-derived  stem  cells  (MDSCs)  isolated  from  p65+^~ 
mouse  skeletal  muscles  (SKM)  have  a  higher  rate  of  proliferation 
than  wild-type  (wt)  cells,  (a)  Cell  proliferation  rate  was  measured  by 
Live  Cell  Imaging  and  (b)  by  an  MTS  assay  (P<  0.05). 


to  that  observed  in  wt  cells  treated  with  IKKi  (Figure  5a).  In  order 
to  verify  that  increased  MyHC  expression  was  concomitant  with 
increased  myotube  formation,  we  treated  wt  MDSCs  with  5  pmol/1 
IKKi.  After  3  days,  differentiation  was  assessed  by  immunofluo¬ 
rescence  detection  of  MyHC.  As  shown  in  Figure  5e,  compared 
to  nontreated  controls,  the  inhibitor  caused  a  significant  increase 
in  myotube  formation.  The  level  of  myogenic  differentiation  was 
comparable  to  that  of  p65+l~  MDSCs  (P  <0.01;  Figure  5f).  These 
results  provide  strong  support  that  MDSC  myogenic  potential  can 
be  improved  using  NF-kB  inhibition  ex  vivo. 

p65+/~  MDSCs  have  greater  muscle  regenerative 
capacity  in  vivo 

To  determine  whether  genetic  depletion  of  p65  increases  the 
engraftment  and  muscle  regenerative  capacity  of  MDSCs  in  vivo , 


we  examined  the  ability  of  p65+,~  and  wt  MDSCs  to  regenerate 
muscle  fibers  following  their  intramuscular  implantation  into 
an  immunocompromised  model  of  Duchenne  muscular  dys¬ 
trophy.  For  these  experiments,  3  x  105  p65+/~  and  wt  MDSCs 
were  injected  into  the  gastrocnemius  muscles  of  8-week-old 
dystrophin -deficient  SCID  (mdx/SCID)  mice.  Fourteen  days 
after  implantation,  significantly  more  dystrophin -positive  myo- 
fibers  were  detected  in  the  muscle  injected  with  p65+/~  MDSCs 
than  in  muscle  injected  with  wt  MDSCs  (P  <  0.01;  Figure  6a, b). 
These  results  confirm  our  in  vitro  observations  and  may  provide  a 
novel  mechanism  as  to  why  IKK  inhibitors  have  been  reported  to 
improve  muscle  regeneration.23 

Transplantation  of  p65+/_  MDSCs  postinjury  reduces 
SKM  inflammation  and  necrosis 

The  results  above  suggest  that  lowering  basal  levels  of  NF-kB 
activity  increased  the  ability  of  MDSCs  to  engraft  and  differenti¬ 
ate  following  intramuscular  injection  (Figure  6).  However,  while 
it  is  possible  this  is  mediated  through  enhanced  proliferation  and 
differentiation,  the  exact  mechanism  as  to  why  more  dystrophin - 
positive  myofibers  were  found  within  the  p65+^~  MDSC  engraft  - 
ment  sites  remains  unclear.  Surrounding  the  engraftments  of  the 
wt  MDSCs,  we  observed  numerous  cells  positive  for  the  mac¬ 
rophage  marker  CD  14  as  detected  by  immunofluorescent  stain¬ 
ing  (data  not  shown),  whereas  the  p65+//_  MDSC  engraftment 
sites  were  surrounded  by  fewer  numbers  of  CD  14+  cells  (data  not 
shown).  As  the  mdx/SCID  is  an  immunocompromised  mouse 
model  with  a  high  level  of  background  inflammation,  we  decided 
to  further  investigate  this  phenomenon  using  the  well-established 
CTX  muscle  injury  model  in  immunocompetent  wt  mice.  In  order 
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Figure  4  Myogenic  differentiation  is  enhanced  in  muscle-derived 
stem  cells  (MDSCs)  isolated  from  p65+^~  mouse  skeletal  muscles 
(SKM)  compared  to  wild-type  (wt)  MDSCs  in  vitro .  (a)  MDSCs  were 
cultured  in  myogenic  differentiation  medium  for  3  days,  during  which 
cell  fusion  into  multinucleated  myotubes  was  monitored  using  bright 
field  microscopy  and  then  confirmed  by  immunostaining  for  myosin 
heavy  chain  (MyHC-f).  (b)  Quantitation  of  MyHC-f  positive  myotubes. 
The  percentage  of  differentiated  myotubes  was  quantified  as  the  num¬ 
ber  of  nuclei  in  MyHC-f  positive  myotubes  relative  to  the  total  number  of 
nuclei.  A  total  of  three  populations  of  p65+^~  and  wild-type  (wt)  MDSCs 
were  tested  (P  <  0.05).  In  panel  "a"  all  bars  =  200  pm  on  bright  field  and 
all  bars  =  50pm  on  MyHC  immunostaining. 
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to  confirm  that  transplanted  p65+,~  MDSCs  are  able  to  reduce 
inflammation  in  host  skeletal  muscle,  we  injected  p65+^~  and  wt 
MDSCs  into  the  gastrocnemius  muscles  of  8-week-old  C57BL/6J 
mice  24  hours  post-CTX  injury.  Six  days  post-transplantation, 
the  wt  MDSC  engraftment  area  demonstrated  a  greater  number 
of  inflammatory  cells  surrounding  the  wt  donor  MDSCs  than  the 
p65+/~  MDSCs.  Furthermore,  numerous  centrally  located  nuclei, 
characteristic  of  regenerating  muscle  fibers,  were  found  within  the 
p65+/~  MDSC  injection  sites.  Consistent  with  observations  made 
in  mdx/SCID  mice,  th ep65+^~  MDSC  engraftment  area  was  asso¬ 
ciated  with  significantly  fewer  CD  14+  cells  than  the  wt  MDSC 
engraftment  area  (P  <0.01;  Figure  7a, b).  There  was  also  a  signifi¬ 
cant  (42%)  reduction  in  tissue  necrosis,  as  determined  by  quan¬ 
tification  of  mouse  immunoglobulin  G  (IgG)  staining  (P  <  0.01; 
Figure  7a, c).  These  results  suggest  that  the  improved  engraftment 
and  differentiation  of  p65+^~  MDSCs  is  potentially  due  to  their 
ability  to  attenuate  the  inflammation  and  necrosis  that  typically 
occurs  after  muscle  injury. 

DISCUSSION 

NF-kB  signaling  has  been  implicated  in  the  regulation  of  muscle 
degeneration  and  regeneration.  The  five  mammalian  NF-kB  tran¬ 
scription  factors  are  all  expressed  in  skeletal  muscle  to  modulate 
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Figure  5  Muscle-derived  stem  cells  (MDSCs)  myogenic  differentia¬ 
tion  is  enhanced  by  pharmacological  inhibition  of  inhibitor  of  kappa 
B  kinase  p  (IKKp).  (a)  Western  blot  for  myosin  heavy  chain  (MyHC) 
over  72  hours  of  wild-type  (wt)  MDSCs  treated  with  1,  3,  or  5pmol/l 
IKKi  during  differentiation,  (b)  Western  blot  for  P-p65  over  72  hours 
of  wt  MDSCs  treated  with  1,  3,  or  5pmol/l  IKK  inhibitor  (IKKi)  during 
differentiation,  (c)  Quantification  of  b,  myosin  heavy  chain  (MyHC-f) 
levels  during  differentiation  (n  =  3  independent  experiments),  (d)  In 
parallel,  wt  and  p65+^~  MDSCs  were  cultured  in  differentiation  medium 
and  lysates  were  collected  at  the  various  time  points  indicated.  Lysates 
were  used  for  western  blot  for  MyHC  and  P-p65  levels,  (e)  wt  MDSCs, 
p65+/~  MDSCs,  and  wt  MDSCs  treated  with  IKKi  (5  pmol/l),  were  grown 
under  fusion  conditons  for  72  hours  and  immunostained  for  MyHC-f 
expression  (f)  Quantification  of  MyHC-f  staining  (P<  0.05).  In  panel  "e" 
all  bars  =  1 00 pm. 

a  variety  of  processes,  including  apoptosis,  inflammation,  and 
myoblast  differentiation.  Although  there  have  been  conflicting 
results  reported  as  to  whether  NF-kB  acts  as  a  repressor  or  pro¬ 
moter  of  myogenesis, 8,24-29  recent  results  suggest  that  the  classi¬ 
cal  NF-kB  signaling  pathway  functions  as  a  negative  regulator 
of  myogenesis.14  In  addition,  NF-kB  activation  is  associated 
with  the  degeneration  and/or  lack  of  regeneration  of  dystrophic 
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Figure  6  Heterozygous  deletion  of  p65  promotes  the  regeneration 
capacity  of  muscle-derived  stem  cells  (MDSCs).  (a)  Gastrocnemius 
cryosections  from  8-week-old  mdx/SCID  mice  in  which  p65+^~  and 
wild-type  (wt)  MDSCs  were  implanted.  Engraftment  was  determined  by 
immunostaining  for  dystrophin  (red).  Three  populations  of  p65+^~  and 
wt  MDSCs  were  transplanted  into  12  mice  in  two  independent  experi¬ 
ments.  (b)  Quantitation  of  regenerated  dystrophin-positive  myofibers 
(P  <  0.05).  In  panel  "a"  all  bars  =  50pm.  Error  bars  indicate  "mean  + 
SD"  (n  =  1 2). 

muscle  in  mdx  mice.13  Thus,  in  this  study,  we  examined  the 
effect  of  NF-kB  reduction  on  the  proliferation  and  differentia¬ 
tion  of  MDSCs  isolated  from  wt  mice  and  mice  heterozygous 
for  p65.  Although  p65+/~  MDSCs  had  more  than  a  30%  reduc¬ 
tion  in  p65/NF-kB  levels  compared  to  the  wt  MDSCs,  the  two 
genotypes  expressed  similar  stem  (CD34,  Sca-1),  myogenic 
(desmin,  MyoD)  and  endothelial  (CD  144,  CD31)  cell  markers. 
This  result  suggests  that  the  reduction  in  NF-kB  did  not  affect 
overall  expression  of  MDSC  markers,  albeit  there  is  some  vari¬ 
ability  in  stem  cell  marker  expression  between  populations  of 
the  same  genotype. 

We  observed  that  MDSCs  with  reduced  p65  levels  have 
improved  proliferation  compared  to  wt  cells,  suggesting  that 
p65/NF-KB  activity  negatively  controls  MDSC  expansion.  More 
importantly,  we  also  observed  that  both  the  rate  and  extent  of 
myogenic  differentiation  was  accelerated  in  MDSCs  with  reduced 
p65  and  in  wt  MDSCs  treated  with  an  IKK(3  inhibitor.  Together, 
these  data  suggest  that  NF-kB  inhibits  muscle  stem  cell  differenti¬ 
ation.  Our  results  are  in  agreement  with  previous  studies  showing 
that  regulation  of  myogenesis  is  dependent  on  p65  transcriptional 
activity,  which  is  able  to  inhibit  myogenesis.14  It  has  been  suggested 
previously  that  the  negative  effect  of  NF-kB  on  differentiation  is 
mediated  through  the  transcriptional  activation  of  cyclin  D1  and 
YinYangl  (YY1).30,31  Interestingly,  we  have  observed  a  reduction 
in  the  level  of  cyclin  D1  in  p65+^~  MDSCs  compared  to  wt  cells, 
but  found  no  difference  in  the  level  of  YY 1  expression  (data  not 
shown). 

Recent  genetic  evidence  supports  the  role  of  IKK/NF-kB  in 
driving  the  pathogenesis  of  muscular  dystrophy,  identifying  this 


3  LacZ+eosin  CD14  Mouse  IgG 


Figure  7  p65+/~  muscle-derived  stem  cells  (MDSCs)  attenuate  mus¬ 
cle  inflammation  and  necrosis,  (a)  Gastrocnemius  cryosections  from 
8-week-old  C57BL/6J  mice,  which  were  injected  with  p65+^~  or  wild- 
type  (wt)  MDSCs  24  hours  post-CTX  injury.  LacZ  and  eosin  staining 
identified  the  injection  area  and  immunostaining  for  CD14  (red)  and 
mouse  immunoglobulin  G  (IgG)  (red)  identified  macrophages  and 
necrotic  tissue,  respectively.  In  immunological  stains,  fluorescent  green 
beads  in  C57BL/6J  muscle  sections  confirmed  the  location  of  injection 
sites,  (b)  Quantitation  of  CD14+  cells  (the  data  represent  six  muscles 
per  group),  (c)  Necrotic  area  in  the  gastrocnemius  muscles  was  identi¬ 
fied  by  IgG  staining  and  quantified  based  on  the  total  positive  area  per 
image  (the  data  represent  six  muscles  per  group).  In  panel  "a"  all  bars  = 
100  |jm  on  LacZ+eosin  and  mouse  IgG  staining.  All  bars  =  50 |jm  on 
CD14  staining. 

signaling  pathway  a  potential  therapeutic  target  for  the  treatment 
of  DMD.13  The  activity  of  NF-kB  in  dystrophic  muscle  is  associ¬ 
ated  with  not  only  immune  cells,  but  also  regenerative  muscle 
fibers.  Thus,  we  investigated  whether  the  p65+/~  MDSCs  have  a 
higher  muscle  regeneration  potential  than  wt  MDSCs  after  their 
intramuscular  injection  into  dystrophic  mdx/SCID  skeletal  mus¬ 
cles.  Our  results  demonstrated  that  p65+/~  MDSCs  are  more  effi¬ 
cient  at  regenerating  dystrophin-positive  myofibers  compared  to 
wt  MDSCs,  which  is  consistent  with  the  enhanced  ability  of  the 
p65+/~  MDSCs  to  differentiate  in  culture. 

We  also  assessed  inflammation  around  the  engrafted  site  by 
immunofluorescent  staining  for  CD  14,  a  macrophage  marker. 
While  we  found  very  few  CD  14+  cells  within  the  injection  sites 
of  th ep65+t~  cells,  many  CD  14+  cells  were  detected  within  the  wt 
MDSC  engraftment  areas.  As  a  decreased  number  of  macrophages 
in  the  p65+^~  cell  engraftment  area  correlated  with  a  reduction  in 
necrosis,  it  is  possible  that  a  reduction  in  p65  enhances  the  local 
anti-inflammatory  properties  of  MDSCs  via  regulation  of  para¬ 
crine  factors.  Several  cytokines  under  the  control  of  NF-kB,  such 
as  TNFa  and  interleukin-6  (IL-6),  are  potent  inhibitors  of  myo¬ 
genic  differentiation.8  Thus,  taken  together,  these  results  suggest 
that  inhibition  of  NF-KB/p65  may  enhance  myogenesis  by  reduc¬ 
ing  inflammation  and  necrosis. 
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During  regeneration  following  injury,  numerous  paracrine 
factors  such  as  myostatin,  hepatocyte  growth  factor,  and  basic 
fibroblast  growth  factor  play  critical  roles  coordinating  repair.32 
Other  groups  have  demonstrated  the  importance  of  non-NF-kB 
proteins  in  muscle  development  and  pathology.  For  example, 
myostatin  acts  independently  of  the  classical  TNFa  and  NF-kB 
pathway  to  inhibit  MyoD  expression  and  signal  cachexia  by  revers¬ 
ing  the  IGF-1/PI3K/AKT  hypertrophy  pathway.33  However,  other 
factors,  such  as  hepatocyte  growth  factor  and  IL-6,  have  been 
reported  to  activate  NF-kB.34  Given  the  numerous  growth  factors 
and  cytokines  present  in  damaged  and  regenerating  muscle,  the 
NF-kB  pathway  likely  directs  inflammation  or  regeneration  in 
response  to  more  than  one  factor.  In  summary,  here  we  described 
a  negative  role  for  the  p65/NF-KB  signaling  pathway  in  MDSC 
growth  and  differentiation  in  vitro ,  as  well  as  muscle  regeneration 
in  vivo.  Similarly,  pharmacological  inhibition  of  IKK(3  identifies 
the  IKK/NF-kB  signaling  pathway  as  a  potential  therapeutic  target 
to  improve  the  myogenic  potential  of  MDSCs  and  muscle  regen¬ 
eration  after  injury  and  diseases. 

MATERIALS  AND  METHODS 

Animals.  The  C57BL/6J  mice  heterozygous  for  p65/RelA  were  origi¬ 
nally  described  by  Amer  Beg  (Cambridge,  MA).17  The  mdx/SCID 
(C57BL/10ScSn  DMDmdx/J/CB17-Prkdcscid/J)  and  C57BL/6J  mice  were 
obtained  from  the  Jackson  Laboratory  (Bar  Harbor,  ME).  All  animal  pro¬ 
tocols  used  for  these  experiments  were  approved  by  the  Childrens  Hospital 
of  Pittsburgh’s  Institutional  Animal  Care  and  Use  Committee. 

Isolation  of  MDSCs  from  p65+/~  mice.  The  mice  were  sacrificed  at  5 
months  of  age  and  muscle  stem  cell  isolation  was  performed  as  previously 
described  via  a  modified  preplate  technique.18  Briefly,  the  SKM  tissue  was 
minced  and  processed  through  a  series  of  enzymatic  dissociations:  0.2%  of 
collagenase  type  XI  (Sigma- Aldrich,  St  Louis,  MO)  for  1  hour,  2.4units/ml 
of  dispase  (Invitrogen,  Carlsbad,  CA)  for  45  minutes,  and  0.1%  of  trypsin  - 
EDTA  (Invitrogen)  for  30  minutes  at  37  °C.  After  enzymatic  dissocia¬ 
tion,  the  muscle  cells  were  centrifuged  and  resuspended  in  proliferation 
medium  (Dulbecco’s  modified  Eagles  medium  supplemented  with  10% 
fetal  bovine  serum,  10%  horse  serum,  0.5%  chicken  embryo  extract,  and 
1%  penicillin-streptomycin),  and  the  resulting  cell  suspension  from  both 
p65+^~  and  wt  muscle  were  plated  in  collagen  type  I  coated  flasks.  Different 
populations  of  muscle-derived  cells  were  isolated  based  on  their  adhesion 
characteristics.  After  7  days,  late  preplate  populations  (slow- adhering  cells) 
were  obtained  and  cultured  in  proliferation  medium.  The  slowly  adhering 
fraction  of  muscle  cells  has  been  previously  shown  to  contain  MDSCs.18 
For  all  experiments,  congenicp65+^_  and  p65+//+  MDSCs  of  the  same  pas¬ 
sage  number  were  compared. 

p65  staining  and  ArrayScan  assay.  Cells  were  fixed  with  4%  paraform¬ 
aldehyde  for  15  minutes  at  room  temperature  (RT),  rinsed  two  times  with 


phosphate -buffered  saline  (PBS),  and  the  cells’  membrane  permeabilized 
for  10  minutes  with  0.1%  Triton  X-100  in  PBS.  A  10%  goat  serum  block¬ 
ing  solution  was  used  for  1  hour  and  the  cells  were  incubated  with  a  1:200 
dilution  of  rabbit  polyclonal  anti-p65  (Abeam,  Cambridge,  MA)  for  1  hour 
at  RT.  After  washing  three  times,  the  cells  were  incubated  for  30  minutes 
with  Cy3 -conjugated  anti-rabbit  IgG  (1:500;  Sigma- Aldrich).  The  nuclei 
were  revealed  by  4/,6-Diamidino-2-phenylindole  (DAPI)  staining.  Nuclear 
localization  of  the  NF-kB  subunit  p65  was  measured  via  ArrayScan.  This 
technique  allows  for  the  rapid,  automated  quantification  of  p65  and  DAPI 
colocalization,  as  identified  by  immunocytochemistry  in  cells  grown  on  a 
96-well  plate.  Recordings  were  taken  from  multiple  fields  of  view  per  well, 
generating  data  representative  of  each  well. 

Western  blot  assay.  The  cell  populations  isolated  from  p65+/~  and  wt 
mice  were  cultured  in  proliferation  medium  and  stimulated  with  TNFa 
(lOng/ml)  for  30  minutes  before  harvesting.  Cells  were  then  lysed  in 
Laemmli  sample  buffer  (Bio-Rad,  Hercules,  CA),  boiled  for  5  minutes,  and 
centrifuged  at  4,000  r.p.m.  for  5  minutes.  Each  sample  was  loaded  on  a  10% 
SDS-polyacrylamide  gel,  which  was  run  for  2  hours  and  then  transferred 
for  1.5  hours  at  100  V  while  stirring  on  ice.  The  membrane  was  blocked 
with  5%  bovine  serum  albumin  (Sigma- Aldrich,  St  Louis,  MO)  in  PBS  for 
1  hour  and  then  incubated  with  rabbit  anti-phospho-NF-KB/p65  monoclo¬ 
nal  antibody  (1:1 ,000;  Cell  Signaling,  Danvers,  MA)  overnight  at  4  °C.  After 
washing  three  times  with  Tris-buffered  saline  Tween-20,  the  membrane 
was  incubated  with  goat  anti-rabbit  IgG  (H+L)  (1:5,000;  Pierce,  Rockford, 
IL)  for  50  minutes  at  RT.  Blots  were  developed  by  ECL  solution  (Pierce). 

RT-PCR  analysis.  Total  RNA  was  extracted  from  cells  using  Nucleo  Spin 
RNA  II  column  (Clontech,  Mountain  View,  CA).  Following  isolation, 
complementary  DNA  was  synthesized  with  Superscript  II  reverse  tran¬ 
scriptase  (Invitrogen),  according  to  the  manufacturer’s  instructions.  PCR 
was  performed  with  Taq  polymerase  (Invitrogen)  as  per  the  manufacturer’s 
instructions  and  PCR  products  were  separated  by  electrophoresis  with  1% 
agarose  gels.  The  primers  used  for  PCR  are  listed  in  Table  1.  Each  set  of 
oligonucleotides  was  designed  to  span  two  different  exons  to  avoid  back¬ 
ground  amplification  of  genomic  DNA.  The  data  were  quantified  by  densi¬ 
tometry  using  Adobe  Photoshop  7.0. 

Pax7  and  MyoD  staining.  P65+^~  and  wt  cells  were  fixed  and  permeabi¬ 
lized  with  2%  paraformaldehyde  plus  1%  Triton  X-100  for  30  minutes  at  4°C 
and  rinsed  two  times  with  PBS.  Cells  were  blocked  with  5%  horse  serum 
and  then  incubated  with  a  1:100  dilution  of  mouse  monoclonal  anti-Pax7 
(DSHB,  Iowa  City,  IA)  or  anti- MyoD  (Santa  Cruz  Biotechnology,  Santa  Cruz, 
CA)  over  night  at  4°C.  After  washing  three  times,  the  cells  were  incubated 
for  1  hour  with  biotinylated  anti-mouse  IgG  (1:300;  Vector  Lab,  Burlingame, 
CA),  which  acted  as  a  secondary  antibody.  Streptavidin  594  conjugate  (1:500; 
Invitrogen)  was  added  in  the  last  step.  The  nuclei  were  revealed  by  DAPI 
staining.  Negative  control  staining  was  performed  by  an  identical  procedure, 
with  the  exception  that  the  primary  antibody  was  omitted. 

In  vitro  assessment  of  cell  proliferation.  In  order  to  compare  the  prolif¬ 
erative  potential  of  p65+^~  MDSCs  to  wt  MDSCs,  we  used  a  previously 


Table  1  Primers  used  for  RT-PCR 

Gene  Forward  primer  Reverse  primer  Location 


Sea- 1  CCTACTGT  GT  GC  AG  AAAG  AGC 

CD34  GCAGCTTTGAGATGACATCACC 

MyoD  1  ACAGTGGCGACTCAGATGCATC 

Desmin  AACCT  GATAGACG  ACCT  GC  AG 

CD3 1  AG  AGCTACGT  C  ATTCCT  CAG 

CD  144  CACCAACAAAAACCTGGAACA 

P-Actin  T  C  AG  AAGG  ACTCCTAT  GTGG 


CAGGAAGTCTTCACGTTGACC  89-33 1 

CTCAGCCTCCTCCTTTTCACA  498-715 

GCT  GC  AGTCG  AT  CT  CT  CAAAGC  708-1105 

GCTTGGACATGTCCATCTCCA  615-873 

G  ACC  A  AGT  GT  GT  C  ACT  T  G  A  AC  474-988 

CCACCACGATCTTGTATTCAG  425-729 

TCTTTGATGTCACGCACGAT  234-722 
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described  Live  Cell  Imaging  system  (Kairos  Instruments  LLC,  Pittsburgh, 
PA).22  Bright  field  images  were  taken  at  a  xlOO  magnification  at  10  min¬ 
utes  intervals  over  a  72-hour  period  in  three  fields  of  view  per  well,  with 
three  wells  per  population.  The  images  were  combined  to  generate  a  video 
using  ImageJ  software  (NIH).  Proliferation  was  assessed  by  counting  the 
number  of  cells  per  field  of  view,  over  12  hours.  All  six  populations  were 
also  plated  in  96-well  plates  in  quadruplicate  (500  cells/well)  and  cultured 
under  normal  conditions  for  72  hours.  At  this  time,  20  pi  of  CellTiter96 
AQueous  One  Reagent  (Promega,  Madison,  WI)  was  added  to  each  well 
and  incubated  in  5%  C02  at  37  °C.  Following  another  3-hour  incubation, 
absorbance  at  490  nm  was  read  with  a  96-well  plate  reader. 

Myogenic  differentiation  assay  and  fast  MyHC  (MyHC-f)  staining.  After 
15  passages,  cells  were  plated  on  24-well  plates  (30,000  cells/well)  with 
Dulbeccos  modified  Eagles  medium  supplemented  with  2%  fetal  bovine 
serum  to  stimulate  myotube  formation.  Three  days  later,  immunocy- 
tochemical  staining  for  fast  skeletal  MyHC  was  performed.  After  rinsing 
three  times  with  PBS,  cells  were  fixed  for  2  minutes  in  cold  methanol, 
blocked  with  10%  horse  serum  for  1  hour  and  then  incubated  with  a 
mouse  anti-MyHC-f  (1:250;  Sigma- Aldrich,  clone  MY-32)  antibody 
for  2  hours  at  RT.  The  primary  antibody  was  detected  with  a  secondary 
anti-mouse  IgG  antibody  conjugated  with  Cy3  (1:300;  Sigma- Aldrich) 
for  15  minutes.  The  nuclei  were  revealed  by  DAPI  staining.  The  percent¬ 
age  of  differentiated  myotubes  was  quantified  as  the  number  of  nuclei  in 
MyHC-f  positive  myotubes  relative  to  the  total  number  of  nuclei.  The 
myogenic  differentiation  was  also  monitored  over  a  period  of  5  days 
using  Live  Cell  Imaging.  The  images  were  combined  to  create  a  video 
using  ImageJ  software  (NIH). 

Selective  inhibition  of  IKKfi.  To  determine  the  effects  of  IKK/NF-kB  inhi¬ 
bition  on  wt  MDSCs  during  myogenic  differentiation,  we  used  IKK-2 
inhibitor  IV  (IKKi),  or  2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3- 
thiophenecarboxamide  (Calbiochem,  San  Diego,  CA),  a  reversible  com¬ 
petitive  inhibitor  of  IKK|3  ATP  binding.  Cells  were  plated  at  105  cells/well 
in  6-well  plates  and  exposed  to  IKK  inhibitor  in  differentiation  medium. 
Cells  were  treated  with  either  1,  3,  or  5  pmol/1  IKKi.  Lysates  were  collected 
at  0  minute,  14,  24,  48,  and  72  hours  following  treatment.  NF-kB  activity 
and  myogenic  differentation  was  assessed  by  western  blot  for  phospho- 
rylated  NF-kB/p65  (1:1,000;  Cell  Signaling)  and  MyHC-f  (1:500;  Sigma- 
Aldrich,  clone  MY-32),  as  detailed  above. 

Cell  implantation  and  dystrophin  staining.  MDSCs  from  p65+/~  and 
wt  muscle  were  grown  in  proliferation  medium  until  the  cell  number 
was  sufficient  for  injection.  A  total  of  3  x  105  viable  cells  was  suspended 
in  20  pi  of  Hanks  balanced  salts  solution  and  injected  into  the  gastrocne¬ 
mius  muscles  of  8- 12-week-old  mdx/SCID  mice  using  a  Hamilton  syringe. 
The  same  number  of  cells  was  injected  into  the  gastrocnemius  muscles  of 
8- week-old  wt  C57BL/6J  mice  that  had  been  injured  1  day  earlier  by  a  30  pi 
intramuscular  injection  of  2  pmol/1  CTX  (Sigma-Aldrich)  in  PBS.  The  cell 
suspension  was  mixed  with  green  fluorescent-labeled  beads  before  injec¬ 
tion  to  detect  the  injection  sites.  Six  or  fourteen  days  after  implantation,  the 
mice  were  sacrificed  and  the  gastrocnemius  muscles  were  harvested  and 
flash  frozen  in  liquid  nitrogen-cooled  2-methylbutane.  Serial  cryosections 
10  pmol/1  in  thickness  were  obtained  for  immunohisto chemical  analyses. 
Cryosections  were  fixed  with  5%  formalin  and  blocked  with  5%  donkey 
serum  in  PBS  for  1  hour,  then  incubated  with  rabbit  anti- dystrophin  (1:300; 
Abeam)  for  2  hours  at  RT.  The  sections  were  exposed  to  secondary  594- 
conjugated  anti-rabbit  IgG  (1:500;  Invitrogen)  in  PBS  for  30  minutes.  The 
nuclei  were  revealed  by  DAPI  staining.  Immunostaining  was  visualized  and 
images  were  taken  by  fluorescence  microscopy  (Nikon  Eclipse  E800;  Nikon, 
Melville,  NY).  Northern  Eclipse  software  was  used  for  quantitative  analysis 
of  the  regenerated  dystrophin-positive  myofibers.  A  series  of  pictures  were 
taken,  and  Adobe  Photoshop  7.0  was  used  to  construct  a  composite  picture 
of  the  dystrophin-positive  myofibers,  which  were  then  manually  counted. 


Retroviral  transduction  of  MDSCs.  MDSCs  were  plated  at  an  initial 
confluence  of  30-40%  and  retrovirally  transduced  [in  the  presence  of 
Polybrene  (8pg/ml)]  to  express  the  (3-galactosidase  gene  (LacZ),  as  previ¬ 
ously  described.35 

LacZ  staining.  The  cryosections  were  fixed  in  1%  glutaraldehyde  and  incu¬ 
bated  3  hours  with  5-bromo-4-chloro-3-indolyl  (3-D-galactopyranoside 
(X-gal)  substrate  at  37  °C.  Sections  were  counterstained  with  Eosin. 

CD  7  4  staining.  Cryosections  were  fixed  with  5%  formalin  and  blocked 
with  5%  donkey  serum  in  PBS  for  1  hour,  then  incubated  with  rat  anti- 
CD  14  (1:200;  Biolegend,  San  Diego,  CA)  overnight  at  4°C.  This  was  fol¬ 
lowed  by  a  1-hour  incubation  with  biotinylated  anti-rat  IgG  (1:300;  Vector 
Lab).  Streptavidin  Cy3  conjugate  (1:500;  Sigma-Aldrich)  was  added  in  the 
last  step  followed  by  several  rinses  in  PBS.  Following  CD  14  staining,  five 
random  pictures  per  slide  were  taken  and  the  number  of  CD  14+  cells  was 
counted  manually. 

Mouse  IgC  staining  and  quantification  of  necrosis.  Muscle  sections  were 
fixed  with  5%  formalin  and  blocked  with  10%  horse  serum  in  PBS  for 
1  hour,  then  incubated  with  biotinylated  anti  mouse  IgG  (1:300;  Vector 
Lab)  for  1  hour  at  RT.  This  was  followed  by  a  15-minute  incubation  with 
streptavidin  Cy3  conjugate  (1:500;  Sigma-Aldrich).  The  nuclei  were 
revealed  by  DAPI  staining.  The  IgG  positive  area  was  measured  and  quan¬ 
tified  as  the  percentage  of  mouse  IgG  expressing  area  per  total  area  using 
Northern  Eclipse  software  (Cheektowaga,  NY). 

Statistical  analysis.  All  results  are  given  as  the  mean  ±  SD.  Means  from 
p65+^~  and  wt  or  treated  and  untreated  were  compared  using  Students 
Mest.  Differences  were  considered  statistically  significant  when  the  P  value 
was  <  0.05. 

SUPPLEMENTARY  MATERIAL 

Video  SI.  p65+/~  M DSC  proliferation. 

Video  S2.  wt  MDSC  proliferation. 

Video  S3.  P65+/~  MDSC  differentiation. 

Video  S4.  wt  MDSC  differentiation. 
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We  demonstrate  that  subpopulations  of  adult  human  skeletal  muscle-derived  stem  cells,  myogenic  endothe¬ 
lial  cells  (MECs),  and  perivascular  stem  cells  (PSCs)  can  be  simultaneously  purified  by  fluorescence-acti¬ 
vated  cell  sorting  (FACS)  from  cryopreserved  human  primary  skeletal  muscle  cell  cultures  (cryo-hPSMCs). 
For  FACS  isolation,  we  utilized  a  combination  of  cell  lineage  markers:  the  myogenic  cell  marker  CD56,  the 
endothelial  cell  marker  UEA-1  receptor  (UEA-1R),  and  the  perivascular  cell  marker  CD  146.  MECs  express¬ 
ing  all  three  cell  lineage  markers  (CD56+UEA-1R+CD146+/CD45~)  and  PSCs  expressing  only  CD  146 
(CD146+/CD45_CD56_UEA-1R“)  were  isolated  by  FACS.  To  evaluate  their  myogenic  capacities,  the  sorted 
cells,  with  and  without  expansion  in  culture,  were  transplanted  into  the  cardiotoxin-injured  skeletal  muscles 
of  immunodeficient  mice.  The  purified  MECs  exhibited  the  highest  regenerative  capacity  in  the  injured 
mouse  muscles  among  all  cell  fractions  tested,  while  PSCs  remained  superior  to  myoblasts  and  the  unpurified 
primary  skeletal  muscle  cells.  Our  findings  show  that  both  MECs  and  PSCs  retain  their  high  myogenic 
potentials  after  in  vitro  expansion,  cryopreservation,  and  FACS  sorting.  The  current  study  demonstrates  that 
myogenic  stem  cells  are  prospectively  isolatable  from  long-term  cryopreserved  primary  skeletal  muscle  cell 
cultures.  We  emphasize  the  potential  application  of  this  new  approach  to  extract  therapeutic  stem  cells  from 
human  muscle  cells  cryogenically  banked  for  clinical  purposes. 

Key  words:  Myogenesis;  Human  skeletal  muscle;  Myogenic  endothelial  cells  (MECs); 

Perivascular  stem  cells  (PSCs);  Cell  therapy 


INTRODUCTION 

Mammalian  skeletal  muscle  harbors  multiple  stem/ 
progenitor  cell  populations,  which  can  repair  and/or 
regenerate  injured/defective  tissues  such  as  damaged/ 
dystrophic  skeletal  muscles  and  ischemic  hearts  (1,2, 5, 7, 
8,10,12-19).  In  particular,  we  previously  reported  the 
identification  of  two  subpopulations  of  multipotent  stem 
cells  within  human  skeletal  muscle  [i.e.,  myogenic  endo¬ 
thelial  cells  (MECs)  (CD45CD34+CD5 6+CD 1 44+)  and 
perivascular  stem  cells  (PSCs)  (CD34“CD45~CD56“ 
CD146+)],  which  exhibit  multilineage  mesodermal 
developmental  potentials  (6,20).  These  stem  cell  popula¬ 
tions  were  specifically  localized  in  situ  within  the  walls 
of  small  blood  vessels  and  can  be  prospectively  purified 


by  fluorescence-activated  cell  sorting  (FACS)  from 
fresh  human  skeletal  muscle  biopsies,  through  the  use 
of  a  combination  of  positive  and  negative  cell  lineage 
markers  (6,20).  In  vitro,  purified  MECs  and  PSCs  dis¬ 
played  osteo-,  chondro-,  adipo-,  and  myogenic  differen¬ 
tiation  competence,  and  their  high  repair/regenerative 
capacities  were  not  only  demonstrated  in  injured  mouse 
skeletal  muscles  but  also  in  infarcted  hearts  (3,4,6, 
11,20).  However,  it  has  never  been  documented  whether 
these  stem  cell  fractions  could  persist  and  retain  their 
high  myogenic  capacities  after  the  cryopreservation 
of  human  primary  skeletal  muscle  cell  cultures  (cryo- 
hPSMCs).  Furthermore,  MECs  and  PSCs  have  been 
shown  to  be  superior  to  myoblasts  for  muscle  regenera¬ 
tion  in  previously  performed  studies;  however,  it  has 
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never  been  determined  whether  MECs  isolated  from 
cryopreserved,  culture-expanded  hPSMCs  possessed  the 
same  superior  regenerative  capacity. 

In  order  to  identify  and  purify  MECs  and  PSCs  by 
FACS  from  in  vitro  expanded  cryo-hPSMCs,  we 
employed  a  collection  of  cell  lineage  markers  reported 
in  our  previous  studies,  including  the  hematopoietic  cell 
marker  CD45,  the  myogenic  cell  marker  CD56  (neural 
cell  adhesion  molecule;  N-CAM),  the  perivascular  cell 
marker  CD  146  (melanoma  cell  adhesion  molecule;  M- 
CAM/Mel-CAM/MUC18),  and  the  endothelial  cell 
marker  UEA-1  receptor  (Ulex  europaeus  agglutinin  I 
receptor,  UEA-1R)  (6,20,21).  UEA-1R  was  chosen  as  a 
substitute  marker  for  CD34  and  CD  144  because  these 
two  endothelial  cell  markers  are  frequently  lost  during 
long-term  culture  whereas  UEA-1  maintains  consistent 
reactivity  within  endothelial  cell  lineage  cultures 
(20,21).  We  hypothesized  that  MECs  and  PSCs  (with 
and  without  culture  expansion),  purified  from  cryo- 
hPSMCs,  retain  their  superior  myogenic  potential  and 
exhibit  a  greater  regeneration  capacity  of  skeletal  myo- 
fibers  when  compared  to  myoblasts. 

MATERIALS  AND  METHODS 

Human  Muscle  Biopsies  and  Animal  Usage 

In  total,  nine  independent  human  skeletal  muscle 
biopsies,  from  four  female  and  five  male  donors  (age 
range  4-75,  mean  28),  were  used  to  obtain  human  pri¬ 
mary  skeletal  muscle  cells  (hPSMCs).  The  procurement 
of  human  skeletal  muscle  biopsies  from  the  National 
Disease  Research  Interchange  (NDRI)  was  approved  by 
the  Institutional  Review  Board  at  the  University  of  Pitts¬ 
burgh  Medical  Center  (UPMC).  All  the  animal  research 
experiments  performed  in  this  study  were  approved  by 
the  Animal  Research  and  Care  Committee  at  the  Chil¬ 
dren’s  Hospital  of  Pittsburgh  of  UPMC  (Protocol  #34-05) 
and  the  University  of  Pittsburgh  (Protocol  #0810310-B2). 

Cell  Isolation  and  Cryopreservation 

The  human  skeletal  muscle  biopsies  were  placed  in 
Hank’s  Balanced  Salt  Solution  (HBSS,  Invitrogen)  and 
transferred  to  the  laboratory  on  ice.  Briefly,  tissues  were 
finely  minced  and  serially  digested  with  0.2%  colla- 
genase  type  XI,  0.25%  dispase,  and  0.1%  trypsin,  as 
previously  described  (20,21).  Dispersed  single  cell  sus¬ 
pensions  were  cultured  in  complete  medium  containing 
DMEM  supplemented  with  10%  fetal  bovine  serum 
(FBS),  10%  horse  serum,  1%  chicken  embryo  extract, 
and  1%  penicillin/streptomycin  (all  from  Invitrogen). 
After  expansion,  cells  were  cryopreserved  at  passages 
2-8  in  medium  consisting  of  50%  complete  culture 
medium  and  50%  freezing  medium  (80%  FBS  +  20% 
dimethyl  sulfoxide)  and  stored  in  liquid  nitrogen  (21). 


Flow  Cytometry  and  Cell  Sorting 

To  culture  cryo-hPSMCs,  cells  were  thawed  and 
expanded  for  2-6  passages.  To  perform  flow  cytometry 
analysis,  cells  were  trypsinized,  washed,  and  incubated 
with  anti-human  monoclonal  antibodies/ligands:  CD45- 
allophycocyanin-cyanine  7  (APC-Cy7),  CD56-phycoer- 
ythrin-Cy7  (PE-Cy7),  CD34-APC  (all  from  Becton 
Dickinson),  CD  146-fluorescein  isothiocyanate  (FITC; 
Serotec),  UEA-l-PE  (Biomeda),  von  Willebrand  factor 
(vWF)-FITC  (US  Biology),  kinase  insert  domain  recep¬ 
tor  (also  known  as  vascular  endothelial  growth  factor 
receptor  2;  VEGFR2)  KDR-APC  (R&D  Systems),  and 
CD144-PE  (Beckman  Coulter).  Negative  control  sam¬ 
ples  received  equivalent  amounts  of  isotype-matched 
fluorophore-conjugated  antibodies.  For  FACS  puri¬ 
fication,  cells  were  incubated  with  CD45-APC-Cy7, 
CD56-PE-Cy7,  CD146-FITC,  UEA-l-PE,  and  with  7- 
amino-actinomycin  D  for  dead  cell  exclusion.  Sorted 
subpopulations  were  collected  for  immediate  transplan¬ 
tation  or  transiently  expanded  in  appropriate  conditions 
as  previously  described  (6,20). 

Immunocytochemistry 

For  immunocytochemistry,  cells  were  cytospun  onto 
glass  slides,  fixed,  and  incubated  with  10%  serum.  The 
following  primary  antibodies  were  used  to  detect  cell 
lineage  markers,  including  myogenic  cell  markers, 
CD56  (BD)  and  desmin  (Sigma);  perivascular  cell  mark¬ 
ers,  a-smooth  muscle  actin  (Abeam)  and  CD  146  (Cay¬ 
man  Chemical);  endothelial  cell  markers/ligands,  CD  144 
(Sigma),  vWF  (DAKO),  CD34  (Novocastra),  and  biotin¬ 
ylated  UEA-1  (Vector),  followed  by  incubation  with 
biotinylated  secondary  antibodies  and/or  Cy3-conju- 
gated  streptavidin  (Sigma).  Slides  were  observed  and 
photographed  on  an  epifluorescence  microscope  system 
(Nikon  Eclipse  E800). 

Myogenesis  In  Vivo 

To  investigate  whether  the  myogenic  capacities  of  the 
cells  were  preserved,  after  cryopreservation,  purified 
MECs,  PSCs,  myoblasts  (Myos),  endothelial  cells  (ECs), 
and  unpurified  muscle  cells,  without  in  vitro  expansion, 
from  six  independent  hPSMC  samples  were  used  for 
intramuscular  injection.  The  newly  sorted  cells,  on  aver¬ 
age,  11.8  ±  5.8  x  104  CD56+  Myo  cells,  7.3  ±  4.4  x  104 
CD146+  PSCs,  4.5  ±  2.6  x  104  UEA-1R+  ECs,  and  2.9  ± 
1.7  x  104  CD5 6+UE A- 1 R+CD 1 46+  MECs  as  well  as  30  x 
104  corresponding  unsorted  cells,  were  resuspended  in 
20  |ll  of  HBSS  and  used  for  transplantation. 

To  precisely  measure  the  myogenic-regenerative 
capacity  of  each  stem/progenitor  cell  subpopulation, 
newly  sorted  MECs,  PSCs,  and  Myo  cells  were  expanded 
in  culture  for  1-2  passages.  Fifty  thousand  cells  from 
each  subpopulation  as  well  as  5  x  104  corresponding 
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unsorted  cells  were  trypsinized,  washed,  and  resus¬ 
pended  in  20  jlxI  of  phosphate-buffered  saline  (PBS). 
Four  individual  animal  experiments  were  performed, 
with  each  using  cell  populations  purified  from  a  single 
FACS  sort  of  one  independent  cryo-hPSMC  culture. 

Cells  were  injected  into  a  single  site  of  the  gastrocne¬ 
mius  muscles  of  severe  combined  immunodeficient 
(SCID)  mice  that  were  injured  24  h  before  by  injecting 
1  jLXg  of  cardiotoxin  in  20  pi  of  HBSS.  The  untreated 
group  received  sham  injections  of  20  (ll  of  HBSS  or 
PBS  only.  Treated  muscles  were  collected  2  weeks  post¬ 
injection  for  immunohistochemical  analyses.  Anti¬ 
human  spectrin  was  used  to  identify  human  cell-derived 
skeletal  myofibers  in  the  mouse  muscles.  In  order  to 
quantitatively  evaluate  the  myogenic  regenerative  capac¬ 
ity  of  each  subpopulation,  the  number  of  human  spec¬ 
trin-positive  skeletal  myofibers  was  averaged  from  six 
randomly  selected  sections  at  the  site  of  injection  in 
each  specimen  and  presented  as  the  regenerative  index 
(per  section). 

Statistical  Analysis 

Data  were  summarized  as  average  ±  SE.  Statistical 
comparison  between  the  groups  (purified  cells  after 
expansion  in  vitro)  was  performed  using  one-way 
ANOVA  with  a  95%  confidence  interval.  Bonferroni 
pairwise  multiple  comparison  test  was  performed  for 
ANOVA  post  hoc  analysis.  Statistical  analyses  were 
performed  with  SigmaS tat  software. 

RESULTS 

Heterogenous  Cell  Composition  of  Human  Primary 
Skeletal  Muscle  Cell  Cultures  (hPSMCs)  After 
Cryopreservation  and  Long-Term  Expansion 

After  expansion,  the  cryopreserved  hPSMCs  (cryo- 
hPSMCs)  were  examined  by  immunocytochemistry  for 
cell  surface  marker  expression.  The  majority  of  cryo- 
hPSMCs  expressed  desmin  and  CD56,  and  to  a  lesser 
extent,  CD  146  (Fig.  1).  Only  a  fraction  of  cells 
expressed  a-SMA,  CD144,  vWF,  or  UEA-1R.  As  pre¬ 
dicted,  the  cultured  human  cryo-hPSMCs  lacked  CD34 
expression.  After  excluding  CD45+  hematopoietic  cells 
(0.2  ±0.1%),  flow  cytometry  analysis  quantitatively 
confirmed  the  presence  of  cells  with  diverse  expressions 
of  cell  lineage  makers  by  cryo-hPSMCs:  77.1  ±5.7% 
CD56+,  66.9  ±8.1%  CD146+,  11.2  ±2.5%  UEA-1R+, 
0.3  ±0.1%  CD144+,  0.1%  vWF+,  and  null  expression  of 
CD34  and  KDR  (Fig.  IB).  The  number  of  cryo-hPSMCs 
positive  for  CD56,  CD  146,  or  UEA-1R  decreased  dra¬ 
matically  after  passage  10  (Fig.  1C). 

Isolation  of  Myogenic  Stem/Progenitor  Cells 
From  Cryo-hPSMCs 

After  revealing  the  heterogeneous  nature  of  cryo- 
hPSMCs,  we  analyzed  these  cells  for  the  existence  of 


previously  defined  subpopulations  by  multicolor  flow 
cytometry,  based  on  their  expression  of  hematopoietic 
(CD45),  myogenic  (CD56),  endothelial  (UEA-1R),  and 
perivascular  (CD  146)  cell  lineage  markers  (6,20).  After 
exclusion  of  CD45+  cells,  four  distinct  cell  fractions 
were  identified,  including  myoblasts  (Myo)  (CD56+/ 
CD45CD146UEA-1R),  endothelial  cells  (ECs)  (UEA- 
1R+/CD45CD56CD146),  perivascular  stem  cells 
(PSCs)  (CD146VCD45  CD56  UEA-1R-),  and  myogenic 
endothelial  cells  (MECs),  which  expressed  all  three 
markers  (CD5 6+UE A- 1 R+CD 1 46+/CD45") .  Long-term 
cultured  cryo-hPSMCs  included  22.58  ±  6.32%  Myo, 
0.58  ±  0.23%  ECs,  5.92  ±  4.66%  PSCs,  and  1.16  ±  0.19% 
MECs  (Fig.  2).  These  four  cell  subsets  were  subse¬ 
quently  fractionated  by  FACS,  and  on  average  we  were 
able  to  recover  the  following  number  of  each  cell  type: 
25.61  ±  9.16  x  104  CD56+  Myo,  13.28  ±  7.37  x  104  UEA- 
1R+  ECs,  33.54  ±  20.53  x  104  CD146+  PSCs,  and  3.84  ± 
0.96  x  104  CD5 6+UE A- 1 R+CD 1 46+  MECs  (Fig.  2). 

Purified  Myogenic  Stem/Progenitor  Cells  Retain  High 
Myogenic  Potentials  In  Vivo 

To  evaluate  whether  the  myogenic  capacity  was  pre¬ 
served  after  cryopreservation,  all  sorted  cells  were 
immediately  transplanted  (without  culture  expansion) 
into  the  cardiotoxin-injured  gastrocnemius  muscles  of 
SCID  mice  (n  =  6  per  cell  fraction).  Unpurified  muscle 
cells  and  HBSS  injections  were  employed  as  treated  and 
untreated  controls,  respectively.  Mouse  muscles  were 
harvested  2  weeks  postinjection,  cryosectioned,  and 
examined  by  immunohistochemistry  to  detect  muscle 
fiber  regeneration.  An  antibody  against  human  spectrin, 
a  myofiber  cytoskeletal  protein,  was  used  to  identify 
human  cell-derived  skeletal  myofibers  in  the  tissue  sec¬ 
tions.  All  of  the  newly  purified  cell  fractions  regenerated 
human  spectrin-positive  myofibers  in  the  injured  mouse 
skeletal  muscles;  however,  the  purified  fractions  appeared 
to  regenerate  a  greater  number  of  muscle  fibers  than  the 
unpurified  cryo-hPSMCs  (Fig.  3A).  As  expected,  a  lack 
of  spectrin-expressing  muscle  fibers  was  observed  in  the 
HBSS-injected  muscles  (Fig.  3A). 

To  quantitatively  measure  the  myogenic  regenerative 
capacity  of  each  purified  stem/progenitor  cell  popula¬ 
tion,  newly  sorted  MECs,  PSCs,  and  Myo  cells  were 
transiently  expanded  in  culture  for  1-2  passages.  Fifty 
thousand  cells  from  each  of  the  subpopulations  as  well 
as  5  x  104  corresponding  unsorted  cells  were  trans¬ 
planted  into  the  same  type  of  muscle  injury  model 
described  above  (n  =  4  per  cell  fraction).  Phosphate- 
buffered  saline  (PBS)  injections  were  used  as  negative 
controls.  ECs  were  not  included  in  this  experiment  due 
to  their  unstable  phenotype  in  culture.  Quantitative  anal¬ 
yses  revealed  that  the  myogenic  regenerative  index, 
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Figure  1.  Expression  of  cell  lineage  markers  by  cryopreserved  human  primary  skeletal  muscle  cells  (cryo-hPSMCs).  (A)  Immuno- 
cytochemistry  revealed  the  expression  of  various  cell  lineage  markers  (light  gray)  by  cryo-hPSMCs  after  expansion.  Nuclei  were 
stained  with  DAPI  (dark  gray).  (B)  Flow  cytometry  analysis  quantitatively  confirmed  the  diverse  cell  composition  of  cryo-hPSMCs. 
(C)  The  number  of  cryo-hPSMCs  positive  for  CD56,  CD  146,  or  UEA-1R  decreased  when  cells  were  cultured  beyond  passage  10. 
Scale  bars:  100  pm. 


indicated  by  the  average  number  of  human  spectrin-pos¬ 
itive  skeletal  myofibers  per  muscle  section,  was  166.3  ± 
19.2  for  the  MECs,  90.1  ±  8.0  for  the  PSCs,  45.7  ±  6.2 
for  the  myoblasts  (Myo),  and  28.7  ±8.4  for  the  unsorted 
muscle  cells  (Unsort)  (Fig.  3B).  The  MECs  exhibited 
the  highest  regeneration  index  of  all  four  cell  fractions 
tested  ( p  <  0.005)  (Fig.  3B)  and  the  PSCs  regenerated 
more  myofibers  than  the  Myo  ( p  >  0.05)  and  the  Unsort 
(p  =  0.017)  groups  (Fig.  3B).  Although  the  purified 
myoblasts  displayed  a  trend  of  higher  myogenic  capacity 
than  the  unsorted  cells,  no  statistically  significant  differ¬ 
ence  was  observed  (p  >  0.05)  (Fig.  3B). 

DISCUSSION 

Skeletal  muscle  is  known  to  possess  multiple  stem/ 
progenitor  cell  populations  that  are  associated  with  mus¬ 
cle  development,  maintenance,  and  regeneration  (13,18). 
Upon  purification,  muscle  stem/progenitor  cells  in  gen¬ 
eral  display  more  robust  myogenic  regenerative  capaci¬ 
ties  than  unpurified  muscle  cells  in  animal  disease 


models,  suggesting  the  advantage  of  isolating  stem  cells 
for  therapeutic  purposes  (6,10,13,20).  More  recent  data 
have  shown  that  there  is  a  functional  heterogeneity  in 
myogenesis  even  among  the  muscle  precursor  cell 
pool  (2). 

In  the  present  study,  we  demonstrated  that  even  after 
in  vitro  expansion  and  cryopreservation,  primary  human 
muscle  cell  cultures  include  various  subpopulations,  as 
indicated  by  expression  of  diverse  cell  lineage  markers. 
Using  a  modified  collection  of  cell  lineage  markers 
(CD45,  CD56,  CD146,  and  UEA-1R),  we  identified  and 
purified  to  homogeneity  four  distinct  cell  populations 
from  cryo-hPSMCs,  including  two  stem  cell  subpopula¬ 
tions:  PSCs  (CD146+/CD45CD56UEA-1R)  and  MECs 
(CD5 6+CD 1 46+UE A- 1 R+/CD45)  (6,20,21).  Newly  sorted 
MECs,  PSCs,  ECs,  and  Myo  cells  were  immediately 
transplanted  into  the  cardiotoxin-injured  skeletal  mus¬ 
cles  of  SCID  mice  to  examine  the  preservation  of  their 
myogenic  potential  after  FACS,  all  of  which  regenerated 
human  spectrin-positive  myofibers  in  the  injured  mouse 
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skeletal  muscles.  Quantitative  analyses  using  sorted  sub¬ 
populations  that  were  minimally  expanded  in  culture 
showed  that  the  MECs  displayed  the  highest  muscle 
regenerative  capacity  among  all  cell  subsets  tested,  and 
the  PSCs  were  superior  to  myoblasts  and  unpurified 
cryo-hPSMCs. 

These  results  were  consistent  with  our  previous 
observations  from  injections  of  cells  isolated  from  fresh 
skeletal  muscle  biopsies  (6,20).  Taken  together,  our 
results  suggest  the  presence  of  distinct  subpopulations 
of  highly  myogenic  stem/progenitor  cells  within  culture- 
expanded,  cryopreserved  hPSMCs  and  support  the  feasi¬ 
bility  of  further  purifying  stem  cell  fractions  from  these 
unpurified  cryopreserved  human  cells.  Most  impor¬ 
tantly,  these  findings  infer  the  practicability  of  pros¬ 
pective  isolation  of  myogenic  stem/progenitor  cell 


populations  from  banked  human  skeletal  muscle  cells, 
highlighting  a  new  technology  to  further  enhance  the 
availability  and  efficacy  of  cell-mediated  therapies  (9). 
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Figure  2.  Identification  and  purification  of  myogenic  stem  cells  within  cryo-hPSMCs.  After  excluding  CD45+  hematopoietic  cells, 
CD45-  cells  were  separated  based  on  CD56  expression.  CD56+  and  CD56~  populations  were  further  gated  on  UEA-1R  by  CD  146 
to  identify  and/or  sort  four  distinct  cell  populations:  myogenic  endothelial  cells  (MECs)  (CD56+UEA-1R+CD146+/CD45-), 
myoblasts  (Myos)  (CD56+/CD45“CD146TJEA-1R~),  perivascular  stem  cells  (PSCs)  (CD146+/CD45-CD56“UEA-1R~),  and  endothe¬ 
lial  cells  (ECs)  (UEA-1R+/CD45_CD56_CD146_).  The  purities  of  the  sorted  populations  were  90.73  ±  4.82%,  92.94  ±1.23%, 
93.86  ±  1.72,  and  94.9  ±  0.64,  respectively.  Immunocytochemistry  confirmed  the  expression  of  key  cell  lineage  makers  by  freshly 
sorted  cells:  UEA-1R,  CD146,  and/or  CD56.  Nuclei  were  stained  blue  with  DAPI.  Scale  bars:  100  pm;  CD56/UEA-1R  double 
staining:  20  pm. 
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Figure  3.  Comparison  of  myogenic  regenerative  capacities  in  vivo.  (A)  Representative  pictures  of  regenerating  human  spectrin¬ 
positive  myofibers  in  cardiotoxin-injured  mouse  skeletal  muscles  transplanted  with  newly  sorted  cell  fractions  from  a  single  donor- 
derived  cryo-hPSMC  culture,  including  myogenic  endothelial  cells  (MECs),  perivascular  stem  cells  (PSCs),  endothelial  cells  (ECs), 
and  myoblasts  (Myos).  Unsorted  cryo-hPSMCs  (Unsort)  and  HBSS  were  injected  as  treated  and  untreated  controls  respectively. 
Original  magnification:  200x;  scale  bars:  50  jam.  (B)  Quantitative  analyses  of  the  myogenic  regenerative  capacities  of  sorted  stem/ 
progenitor  cell  populations.  Fifty  thousand  cells  from  each  cell  fraction  that  was  minimally  expanded  in  culture  were  injected. 
Quantitative  analyses  of  spectrin-positive  human  skeletal  myofibers  on  tissue  sections  revealed  that  MECs  mediated  the  highest 
myogenic  regeneration  among  all  four  cell  fractions  tested  (*p  <  0.001  vs.  Myo  and  Unsort;  t P  =  0.004  vs.  PSC).  Injection  of  PSCs 
regenerated  more  human  myofibers  than  injections  of  Myos  (p  >  0.05)  and  Unsort  (#p  =  0.017).  Finally,  Myos  displayed  a  trend  of 
higher  myogenic  capacity  than  Unsort,  but  no  significant  difference  was  observed  (p  >  0.05). 
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Abstract 

We  have  previously  reported  the  high  regenerative  potential  of  murine  muscle-derived  stem  cells 
(mMDSCs)  that  are  capable  of  differentiating  into  multiple  mesodermal  cell  lineages,  including 
myogenic,  endothelial,  chondrocytic,  and  osteoblastic  cells.  Recently  we  described  a  putative 
human  counterpart  of  mMDSCs,  the  myogenic  endothelial  cells  (MECs),  in  adult  human  skeletal 
muscle,  which  efficiently  repair/regenerate  the  injured  and  dystrophic  skeletal  muscle  as  well  as 
the  ischemic  heart  in  animal  disease  models.  Nevertheless  it  remained  unclear  whether  human 
MECs,  at  the  clonal  level,  preserve  mMDSC-like  chondrogenic  and  osteogenic  potentials  and 
classic  stem  cell  characteristics  including  high  proliferation  and  resistance  to  stress.  Herein  we 
demonstrated  that  MECs,  sorted  from  fresh  postnatal  human  skeletal  muscle  biopsies,  can  be 
grown  clonally  and  exhibit  robust  resistance  to  oxidative  stress  with  no  tumorigeneity.  MEC 
clones  were  capable  of  differentiating  into  chondrocytes  and  osteoblasts  under  inductive 
conditions  in  vitro  and  participated  in  cartilage  and  bone  formation  in  vivo.  Additionally, 
adipogenic  and  angiogenic  potentials  of  clonal  MECs  (cMECs)  were  observed.  Overall,  our 
study  showed  that  cMECs  not  only  display  typical  properties  of  adult  stem  cells  but  also  exhibit 
chondrogenic  and  osteogenic  capacities  in  vitro  and  in  vivo,  suggesting  their  potential 
applications  in  articular  cartilage  and  bone  repair/regeneration. 
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INTRODUCTION 

Recent  studies  suggest  that  stem/progenitor  cell  populations  other  than  satellite  cells 
repair/regenerate  skeletal  muscle.1"7  Our  group  previously  reported  that  murine  muscle-derived 
stem  cells  (mMDSCs),  a  unique  population  of  myogenic  stem  cells  isolated  from  the  slowly 
adhering  fraction  of  primary  muscle  cells  by  the  “preplate”  technique,  proliferate  long-term,  self- 
renew,  and  differentiate  into  diverse  cell  lineages.8"13  mMDSCs  express  markers  typically 
associated  with  stem  cells,  including  CD34  and  Sca-1.  However,  expression  of  these  markers  in 
mMDSCs  is  highly  influenced  by  extended  cell  culture,  leading  to  the  difficulties  of  finding  a 
valid  marker  profile  for  prospective  identification  and  purification  of  native  mMDSCs. 

Recently,  we  have  prospectively  purified  by  cell  sorting  a  unique  stem  cell  population 
associated  with  the  vasculature  in  the  human  skeletal  muscle.14  These  myogenic  endothelial  cells 
(MECs)  (CD34+/CD567CD144+/CD45‘),  which  presumably  represent  the  human  counterpart  of 
mMDSCs,  can  undergo  long-term  proliferation,  multi-lineage  differentiation,  and  repair  skeletal 
and  cardiac  muscles  with  high  efficiency,  similar  to  mMDSCs.14, 15  Although  MECs  have  been 
characterized  in  our  prior  studies,14’ 15  the  true  capacity  of  these  cells  to  function  as  multi-lineage 
regenerative  units  has  not  yet  been  fully  disclosed,  especially  in  chondrogenesis  and 
osteogenesis.  One  major  limitation  in  characterizing  their  multipotent  potential  is  the  likely 
heterogeneous  nature  in  sternness.  In  the  present  study,  we  investigated  whether  MECs,  freshly 
sorted  from  adult  human  skeletal  muscle  based  on  their  unique  cell  surface  marker  profile, 
preserve  chondrogenic  and  osteogenic  potentials  at  the  clonal  level. 

Our  results  showed  that  MEC  clones  possess  stem  cell  characteristics  equivalent  to 
mMDSCs,  including  long-term  proliferation  with  no  karyotypic  abnormalities  and  high 
resistance  to  stress.  The  robust  ability  of  clonal  MECs  (cMECs)  to  differentiate  into 
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chondrogenic  and  osteogenic  cell  lineages  in  vitro  and  in  vivo  was  demonstrated.  This  clonal 
study  of  human  MECs  highlights  their  regenerative  potential  for  integrated  musculoskeletal 
repair  and  regeneration. 

METHODS 

Human  Muscle  Biopsy  Procurement  and  Animal  Research 

The  procurement  of  adult  human  skeletal  muscle  biopsies  from  the  National  Disease 
Research  Interchange  (Philadelphia,  PA,  USA)  was  approved  by  the  Institutional  Review  Board 
at  the  University  of  Pittsburgh  Medical  Center  (UPMC).  After  procurement,  biopsies  were 
immediately  transported  to  our  laboratory  in  Hanks’  Balanced  Salt  Solution  (HBSS)  (Invitrogen, 
Grand  Island,  NY,  USA)  on  ice.  Animal  experiments  were  approved  by  the  Animal  Research 
and  Care  Committee  of  the  Children's  Hospital  of  Pittsburgh  of  UPMC  (Protocol  #42-04). 

Cell  Isolation  and  Cloning 

Muscle  biopsies  were  finely  minced  and  digested  with  collagenases  and  dispase  to  obtain 
single  cell  suspension  as  previously  described.14  Cells  were  immunofluorescently  labeled  and 
subject  to  cell  sorting.14  Details  are  documented  in  Supplementary  Material. 

Gene  Expression  Profiling 

Total  RNA  was  extracted  from  the  1  x  1 06  cells  using  Nucleospin  RNA  kit  (Clontech, 
Mountain  View,  CA,  USA).  Details  are  listed  in  Supplementary  Material.  Primer  sequences  used 
for  PCR  are  listed  in  Supplemental  Table  1. 

Cell  Proliferation  Analysis  and  Cell  Survival  under  Oxidative  Stress 

For  the  single  cell  proliferation  assay,  cMECs  were  transduced  with  lentiviral  eGFP 
reporter  and  further  sorted  to  homogeny  by  FACS  as  previously  reported.16  To  test  the  capacity 
of  cMECs  against  oxidative  stress,  MEC  clones  were  plated  onto  collagen-coated  plates  and 
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cultured  with  proliferation  medium  containing  400 pM  hydrogen  peroxide  (H2O2)  and  2 pi 
propidium  iodide  (1:500,  PI,  Sigma- Aldrich).  Bright-field  and  fluorescent  images  were  taken  in  a 
time-lapsed  microscopic  imaging  system.  Details  are  summarized  in  Supplementary  Material. 
Tumorigenesis  Assay  and  Karyotype  Analysis 

To  examine  the  tumorigenic  property  of  cMECs  in  vitro,  we  monitored  the  growth  of 
cMECs  plated  at  different  densities  on  1%  agar  in  proliferation  medium.  For  karyotype  analysis, 
cMEC  clones  were  cultured  for  8  weeks  and  harvested.  The  cell  pellets  were  processed  for 
chromosome  analysis.  Detail  procedures  are  listed  in  Supplementary  Material. 

Chondrogenic  and  Osteogenic  Differentiation  in  Culture  and  in  Vivo 

The  details  of  in  vitro  chondrogenesis  and  osteogenesis  are  documented  in 
Supplementary  Material.  To  track  donor  cells  after  implantation,  cMECs  and  unsorted  cells  were 
co-transduced  with  retroviral  nuclear  LacZ  (nLacZ)  reporter  and  subsequently  with  retroviral 
BMP4  gene  as  previously  reported.17  After  expansion,  5xl06  cells  were  seeded  onto  a  6x6-mm 
piece  of  Gelfoam,  incubated  overnight,  and  implanted  into  the  gluteofemoral  muscle  pockets  of 
SCID  mice  (8-week-old  male;  The  Jackson  Laboratory,  Bar  Harbor,  ME,  USA). 

Adipogenesis  in  Culture  and  Angiogenesis  in  Vitro/in  Vivo 

The  details  of  in  vitro  adipogenesis  and  angiogenesis  as  well  as  in  vivo  angiogenesis  are 
summarized  in  Supplementary  Material. 

RESULTS 

Isolation  and  characterization  of  myogenic  endothelial  cell  clones 

MECs  (CD34+CD56+CD144+CD45~)  were  isolated  by  fluorescence  activated  cell  sorting 
(FACS)  from  dissociated  muscle  biopsies  as  previously  reported.18  Single  sorted  MEC  was  then 
automatically  seeded  by  the  autoclone  system  of  the  FACSAria  sorter  into  each  well  of  a 
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collagen-coated  96-well  plate  (seeding  density:  1  cell/well).  Wells  that  did  not  contain  exactly  1 
cell/well  were  excluded  from  the  study.  A  total  of  six  MEC  clones  from  2  distinct  muscle 
biopsies  were  obtained  from  576  single-cell  seeded  wells.  The  average  cloning  efficiency  was 
1.04  %,  with  MECs  of  donor  #1  and  #2  having  the  cloning  efficiency  of  0.69%  and  1.39% 
respectively.  Clonal  MECs  (cMECs)  at  passage  6-15  were  analyzed  for  their  phenotypes,  single 
cell  proliferation,  and  multi-lineage  differentiation  capacity  and  subsequently  used  for 
transplantation  experiments.  Six  MEC  clones  were  individually  analyzed  for  gene  expression  by 
RT-PCR.  The  results  showed  that  genes  of  the  lineage-specific  markers  were  expressed  in  all 
clones  at  similar  levels  (Figure  1A).  Notably,  in  addition  to  the  late  myogenic  markers:  desmin, 
m-cadherin,  and  CD56,  we  also  detected  expression  of  the  early  myogenic  transcription  factors, 
Pax3,  Pax7,  and  Myf5  in  all  6  clones  (Figure  1A). 

Single  cells  derived  from  MEC  clones  undergo  clonogenic  proliferation 

To  precisely  quantitate  the  clonogenic  potential  and  long-term  proliferation  of  cMECs  in 
culture,  we  performed  sub-cloning  analysis.  MEC  clones  were  lentivirally  transduced  at  passage 
15  to  express  enhanced  green  fluorescence  protein  (eGFP).  Sub-cloning  analysis  was  performed 
with  eGFP+  cMECs  individually  sorted  into  each  well  of  a  384-well  plate  by  the  FACS  Aria 
autoclone  system  (Supplemental  Figure  1).  Approximately  1/3  of  all  wells  received  exactly  one 
cell  per  well;  the  remaining  2/3  received  none.  Proliferation  of  sub-cloned  cMECs  was 
monitored  by  a  time-lapsed  microscopic  imaging  system.  The  results  showed  that  73%  of  sub¬ 
cloned  cMECs  expanded  to  more  than  8  cells,  14%  divided  into  2-4  cells,  12%  did  not  divide, 
and  1%  eventually  died  (Figure  IB).  Cell  doubling  time  and  averaged  cell  division  time  were 
28.1  ±  5.5  hours  and  16.8  ±  2.1  hours  respectively  (mean±SD,  n=4)  (Figure  1C).  A  video  of 
single  sub-cloned  cMEC  proliferation  was  presented  (Supplemental  Video). 
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Gene  expression,  tumorigenesis,  karyotype  analysis,  and  resistance  to  oxidative  stress 

Gene  expression  analyses  revealed  that  cMECs  express  genes  associated  with 
undifferentiated  cells  (GABRB3  and  DNMT3B),  and  the  sternness  gene,  IL6ST  when  compared 
to  the  unsorted  human  primary  skeletal  muscle  cells  (hPSMCs)  (Supplemental  Table  2).  In 
contrast,  hPSMCs  expressed  genes  associated  with  myogenic  differentiation  including:  Runx-2, 
Noggin,  MYF5,  MyoDl,  Des  and  Acte  (Supplemental  Table  2).  To  assess  their  tumorigenesis, 
cMECs  cultured  for  2  months  were  analyzed  for  anchorage  independent  growth,  a  hallmark  of 
transformed  tumor  cells.  Cells  were  plated  on  a  layer  of  1%  agar  at  different  densities,  and 
colony  growth  was  scored  at  2  and  3  weeks  post-seeding.  Non-adherent  cell  growth  was  only 
observed  when  cMECs  were  plated  at  a  very  high  density  of  2.5 xlO4  cells/cm2.  Cells  plated  at 
low  densities  (25  and  250  cells/cm2)  and  regular  culture  density  (2,500  cells/cm2)  did  not  grow  in 
an  anchorage-independent  manner  and  eventually  died  (Supplemental  Figure  2).  Furthermore, 
tumorigenesis  in  vivo  was  examined  by  implanting  expanded  cMECs  into  skeletal  muscle 
pockets  in  the  hind  limbs  of  SCID  mice.  No  evidence  of  tumor  growth  at  12  weeks  post¬ 
transplantation  was  observed  physically  and  histologically  (data  not  shown).  Finally,  karyotype 
analyses  revealed  little-to-no  structural  (data  not  shown)  and  numerical  (Figure  ID) 
abnormalities  in  the  chromosome  of  all  long-term  cultured  MEC  clones. 

Non-clonal  MECs  displayed  a  superior  regenerative  capacity  in  both  skeletal  and  cardiac 
muscles  when  compared  to  myoblasts  and/or  endothelial  cells,  a  behavior  hypothesized  to  be 
associated  with  MECs’  ability  to  withstand  oxidative  stress.18,  19  Whether  cMECs  retain  the 
resistance  to  oxidative  stress  was  examined  by  culturing  the  cells  in  400 pM  H2O2  and  analyzing 
their  survival  every  12  hours  over  a  72-hour  period.20  Among  five  MEC  clones  tested,  four 
withstood  the  oxidative  stress  to  a  similar  or  better  level  as  non-clonal  MECs,  which  had  a 
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survival  rate  of  30.6%  at  72  hours  (Supplemental  Table  3).  This  result  suggested  that  cMECs  in 
general  have  high  resistance  to  extended  exposure  of  oxidative  stress. 

cMECs  undergo  chondrogenic  differentiation  in  vitro  and  in  vivo 

To  induce  chondrogenic  differentiation,  cMECs  and  hPSMCs  were  pellet-cultured  in 
chondrogenic  induction  medium  supplemented  with  BMP4  and  TGF-P3  for  up  to  3  weeks.  Gross 
morphology  of  pellets  was  compared  (Figure  2A).  The  average  volume  of  the  pellets  formed  by 
cMECs  was  significantly  larger  than  those  formed  by  hPSMCs  at  day  7  and  21  (n=3  per  group, 
p<0.01,  two-tailed  unpaired  t  test)  (Figure  2B).  Pellets  were  then  sectioned  and  stained 
specifically  for  the  cartilaginous  matrix  with  Alcian  blue  (pH=l).  cMEC  pellets  displayed  denser 
blue  staining  when  compared  to  hPSMC  ones  at  all  3  time  points,  suggesting  a  robust 
chondrogenic  potential  of  cMECs  (Figure  2C).  To  investigate  their  chondrogenic  potential  in 
vivo,  we  co-transduced  cMECs  with  retroviruses  encoding  BMP4  and  nuclear  LacZ  (nLacZ) 
genes.  The  transduction  efficiency  was  near  80%,  revealed  by  the  positive  P-gal  staining  (blue) 
localized  to  the  nuclei  of  cMECs  (Figure  2D.a).  The  presence  of  round  chondrocytes  with 
LacZ-i-  nuclei  (Figure  2D.b)  and  positive  immunostaining  for  collagen  type  II  (Figure  2D.c) 
were  observed  within  the  implanted  scaffold.  A  few  collagen  type  II-positive  cells  co-expressed 
P-galactosidase,  confirming  the  presence  of  functional  chondrogenic  cells  originated  from  donor 
cMECs  (Figure  2D.d).  Together  these  data  suggest  that  cMECs  were  able  to  differentiate  into 
chondrocytes  in  vitro  and  in  vivo,  albeit  to  a  different  extent. 

cMECs  undergo  osteogenic  differentiation  in  vitro  and  in  vivo 

To  assay  the  production  of  mineralized  extracellular  matrix,  cMECs  were  pellet-cultured 
in  osteogenic  induction  medium  supplemented  with  BMP4.  Osteogenic  differentiation  was 
revealed  by  von  Kossa  staining  after  7  and  21  days  in  culture.  Compared  with  hPSMCs,  pellets 
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formed  by  cMECs  exhibited  more  intense  mineralization  (Figure  3A).  cMEC  pellets  maintained 
in  control  proliferation  medium  with  no  BMP4  remained  negative  for  von  Kossa  staining, 
suggesting  no  spontaneous  osteogenic  differentiation  of  cMECs  without  a  proper  inductive 
signal  (Figure  3A).  Mineralization  within  the  pellet  was  detected  by  micro-computerized 
tomography  (pCT)  at  7  and  21  days  (Figure  3B).  pCT  images  showed  that  cMECs  produced  a 
significantly  higher  volume  (Figure  3C)  and  density  (Figure  3D)  of  mineralized  matrix  when 
compared  to  hPSMCs  at  both  time  points  (n=3  per  group,  both  p<0.01,  two-tailed  unpaired  t 
test). 

To  evaluate  their  osteogenic  potential  in  vivo,  cMECs  or  hPSMCs  were  co-transduced 
with  retroviruses  encoding  nLacZ  and  BMP4  genes  and  seeded  onto  a  gelatin  sponge  (5><106 
cells),  followed  by  implantation  into  an  intramuscular  pocket  of  SCID  mice.  pCT  imaging 
revealed  that  transduced  cMECs  form  dense  ectopic  bone  consistently  at  2,  4,  8  and  16  weeks 
post-implantation  while  transduced  hPSMCs  fail  to  form  any  organized  structure  (Figure  3E).  A 
significant  difference  in  mineralized  tissue  volume  between  the  two  groups  was  observed  at  all 
time  points  (n=3  per  group,  all  p<0.01,  two-tailed  unpaired  t  test)  (Figure  3F).  To  track  donor 
cMECs  undergoing  osteogenic  differentiation,  P-gal/eosin  co-staining  was  performed  on  the 
sections  of  the  cMEC-formed  ectopic  bone  structure  (Figure  3G.a).  Osteogenic  differentiation 
of  donor  cMECs  was  also  confirmed  by  co-localization  of  the  positive  immunohistochemical 
signals  of  nLacZ  and  osteocalcin  (Figure  3G.b)  as  well  as  the  positive  immunofluorescent 
signals  of  P-galactosidase  and  osteocalcin  (Figure  3G.c).  Collectively,  cMECs  exhibited  robust 
osteogenic  differentiation  capacity  under  appropriate  inductive  signals  in  vitro  and  in  vivo. 

cMECs  differentiate  into  adipocytes  and  remain  angiogenic  in  vitro  and  in  vivo 
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To  understand  whether  cMECs  are  able  to  differentiate  into  other  mesodermal  cell 
lineages,  we  examined  their  adipogenic  potential  in  vitro.  cMECs  cultured  in  adipogenic 
induction  medium  were  subsequently  stained  positive  by  Oil  Red  O,  revealing  the  accumulated 
cytoplasmic  lipid  droplets  (Supplemental  Figure  3A).  cMECs  maintained  in  control  medium 
were  not  adipogenic  (Supplemental  Figure  3B). 

To  investigate  the  angiogenic  capacity  of  cMECs,  Matrigel  culture  was  used  to  observe 
the  formation  of  capillary-like  structures.21  After  incubation  for  16  hours,  cMECs  cultured  in 
Matrigel  formed  capillary-like  network  (Supplemental  Figure  3C)  while  hPSMCs  failed  to 
form  similar  structures  under  the  same  condition  (Supplemental  Figure  3D).  Next  we 
subcutaneously  implanted  Matrigel  plugs  encapsulating  l.OxlO6  cMECs,  hPSMCs,  or  no  cells 
into  the  back  of  SCID  mice  (n=4  per  group).  Capillary  formation  within  the  implanted  plug  was 
determined  by  anti-CD31  immunostaining  (Supplemental  Figure  3E-G).  The  cMEC-plugs 
displayed  significantly  higher  capillary  density  than  the  hPSMC-plugs  (p<0.01,  two-tailed 
unpaired  t  test)  (Supplemental  Figure  3H).  Implants  with  no  cells  exhibited  no  presence  of 
CD31 -positive  structures.  To  confirm  the  human  origin  of  the  newly  formed  microvessels  within 
the  Matrigel  plugs,  Lamin  A/C,  a  human  nuclear  specific  antigen,  was  used  to  identify  donor 
cMECs.  A  fraction  of  microvascular  endothelial  cells  within  the  cMEC  plugs  indeed  co¬ 
expressed  CD31  and  Lamin  A/C,  indicative  of  their  human  origin  (Supplemental  Figure  3I-L). 
These  results  suggest  that  human  cMECs  are  not  only  capable  of  differentiating  into  major 
mesenchymal  cell  lineages  but  also  retain  their  angiogenic  capacity  and  participate  in 
neovascularization  in  vivo  after  long-term  culture. 

DISCUSSION 
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Our  group  has  previously  demonstrated  that  mMDSCs  differentiate  into  diverse  cell 
lineages  including  bone,  cartilage,  muscle,  endothelial,  and  blood  cells.  "  ’  ’  mMDSCs  repair 
skeletal  and  cardiac  muscles  more  efficiently  than  myoblasts  and  vascular  endothelial  cells.9, 11 
Recently  we  have  purified  myogenic  endothelial  cells  (MECs)  from  adult  human  skeletal  muscle 
that  co-express  cell  surface  markers  of  both  myogenic  and  endothelial  cell  lineages  and  exhibit 
superior  regenerative  capacities  in  injured  skeletal  and  cardiac  muscle,  similar  to  mMDSCs.14, 15 
Nevertheless,  the  osteogenic  and  chondrogenic  potentials  of  MECs  were  not  fully  examined  at 
the  clonal  level.  The  present  study  employed  the  clonogenic  assay  to  evaluate  the  osteogenic  and 
chondrogenic  capacities  of  single  MEC  and  further  characterize  their  stem  cell  properties. 

We  herein  established  a  protocol  that  enable  us  to  prospectively  purify  MEC  clones  from 
fresh  human  muscle  biopsies  directly  by  FACS  sorting,  using  the  previously  reported 
combination  of  cell  surface  markers  for  MEC  isolation.14  RT-PCR  analysis  revealed  that  all  of 
the  MEC  clones  expressed  genes  of  myogenic  (desmin,  CD56,  Pax3,  Pax7,  m-cadherin  and 
MYf5),  endothelial  (CD34,  CD  144  and  vWF),  smooth  muscle/vascular  mural  (a-smooth  muscle 
actin,  PDGFR-P,  NG2  and  CD146),  and  mesenchymal  stem/stromal  (CD90  and  CD105)  cell 
lineages,  showing  consistency  between  clones  from  the  two  donor  sources.  cMECs  displayed 
robust  multipotency  in  vitro  and  in  vivo,  including  chondrogenesis,  osteogenesis,  adipogenesis 
and  angiogenesis/vasculogenesis,  in  addition  to  myogenesis  reported  previously.14  Nevertheless, 
cMECs  could  not  differentiate  into  hematopoietic  cells  in  vitro  under  inductive  conditions,  even 
with  the  presence  of  OP9  stromal  cells  (data  not  shown). 

MEC  clones  were  shown  to  resist  oxidative  stress  efficiently,  to  a  similar  or  better  level 
of  that  of  non-clonal  MECs.  cMECs  up-regulated  genes  associated  with  early  progenitor  cells, 
GABRB3  and  DNMT3B,  and  a  gene  correlated  to  sternness,  IL6ST.  When  compared  to  hPSMC, 
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cMECs  expressed  much  lower  level  of  genes  associated  with  advanced  myogenic  differentiation, 
including  Runx-2,  Noggin,  MyoDl,  MYF5,  Desmin  and  a-actin.  The  tumorigenic  assay  and 
karyotype  analysis  revealed  no  tumorigeneity  in  long-term  expanded  cMECs,  suggesting  the 
safety  of  this  novel  multi-lineage  stem  cell  population  in  regenerative  applications. 

Our  previous  studies  of  mMDSCs  indicated  that  these  cells  reside  in  areas  that  are 
normally  occupied  by  capillaries  running  alongside  myofibers.  ’  Similarly,  MECs  are  associated 
with  the  vasculature  in  human  skeletal  muscle,  specifically  the  capillaries  located  within  the 
interstitial  space  between  myofibers.  The  hypothesis  that  MECs  represent  a  developmental 
intermediate  between  myogenic  and  endothelial  cells  was  further  supported  by  the  evidence 
suggesting  that  muscle  satellite  cells  and  endothelial  cells  are  close  neighbors  and  privileged 
developmental  partners.  Despite  the  unclear  developmental  relationship  between  MECs  and 
other  blood-vessel-associated  stem/progenitor  cells  such  as  mesoangioblasts24'26  and  pericytes16, 

97 

,  our  data  suggest  that  cMECs  are  indeed  one  of  the  multi-lineage  mesodermal  stem  cell 

1  28  29 

populations  residing  in  a  vascular  niche  within  the  adult  skeletal  muscle  ’  ’  and  likely 

represent  a  human  counterpart  of  mMDSCs.  Overall,  these  cells  not  only  represent  a  promising 
cell  source  for  an  integrative  application  in  musculoskeletal  repair  but  also  provide  more 
evidence  to  the  involvement  of  vasculature  in  post-natal  musculoskeletal  regeneration. 
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FIGURE  LEGENDS 

Figure  1.  Characterization  of  clonal  myogenic  endothelial  cells  (cMECs)  in  culture.  (A)  RT- 

PCR  analysis  was  performed  on  all  six  FACS-sorted  MEC  clones  and  compared  with  HUVECs, 
cultured  unsorted  hPSMCs  (Unsorted),  and  fresh  skeletal  muscle  cell  lysate  (Fresh  total  cells). 
All  MEC  clones  consistently  expressed  myogenic  (desmin,  CD56,  Pax7,  m-cadherin,  Pax3 
Myf5),  endothelial  (CD34,  VE-cadherin,  vWF),  smooth  muscle/vascular  mural  (a-smooth 
muscle  actin,  PDGFR-P,  NG2,  CD146),  and  mesenchymal  stem/stromal  (CD90  and  CD105)  cell 
markers.  (B)  Analysis  of  cMEC  clonogenic  proliferation  capacity  by  sub-cloning  single  cells 
from  GFP-transduced  MEC  clones.  A  total  of  80  sub-cloned  single  GFP-positive  cMEC  cells 
(31%  of  258  seeded  wells)  were  tracked.  Among  them,  1%  died,  12%  did  not  divide,  14% 
divided  to  2-4  cells,  and  73%  were  able  to  form  colonies  (>  8  cells).  (C)  Colony  growth  rate 
(n=4)  after  17  days  in  culture  showed  that  the  population  doubling  time  was  28.1±5.5  hours,  and 
the  cell  division  time  was  16.8  ±2.1  hours.  (D)  After  10  passages  in  culture,  the  majority  of 
cMEC  metaphases  analyzed  possess  an  euploid  number  (46)  of  chromosomes. 

Figure  2.  Chondrogenic  differentiation  in  vitro  and  in  vivo.  (A)  Gross  morphology  of 
cartilage-like  pellets  formed  by  cMECs  and  unsorted  muscle  cells  after  being  pellet-cultured  in 
chondrogenic  medium  for  3  weeks.  (B)  cMEC  pellets  had  significantly  larger  volume  than 
unsorted  hPSMC  pellets  at  day  7  and  21  (**p<0.01,  Student’s  t-test).  Data  were  shown  as  mean 
±  SD  (n=3).  (C)  Chondrogenic  differentiation  is  revealed  by  Alcian  blue/nuclear  fast  red  staining 
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of  pellets  cultured  in  chondrogenic  medium  supplemented  with  BMP4  and  TGFP3  at  different 
time  points  (day  7,  14  and  21)  (10X  magnification,  scale  bar  represents  25pm).  (D.a)  cMECs 
were  genetically  engineered  to  express  nLacZ  reporter  gene.  Positive  staining  (blue)  is  localized 
to  the  nuclei  of  the  cells  (scale  bar  represents  25pm).  (D.b)  Three  weeks  after  transplantation, 
chondrogenesis  in  vivo  by  cMECs  was  demonstrated  by  co-localization  of  round  chondrocytes 
with  blue  nuclei  (arrow)  after  staining  for  P-galactosidase/eosin  (scale  bar  represents  50pm) 
(D.c)  Chondrogenesis  of  cMECs  was  also  revealed  by  positive  immunostaining  for  collagen 
type-II  (red)  (scale  bar  represents  25pm),  and  (D.d)  Co-localization  of  collagen  type-II  (red)  and 
P-galactosidase  (green,  arrow)  signals  was  also  detected  (scale  bar  represents  50pm). 

Figure  3.  Osteogenic  differentiation  in  vitro  and  in  vivo.  (A)  von  Kossa  staining  of  cell  pellets 
cultured  in  the  osteogenic  inductive  conditions  at  different  time  points.  Compared  to  unsorted 
cell  pellets,  cMEC  pellets  cultured  in  the  osteogenic  inductive  medium  containing  BMP4  appear 
to  display  more  extensive  mineralization  at  day  7  and  21.  Nevertheless,  control  cMEC  pellets 
maintained  in  proliferation  medium  exhibited  no  mineralization  (scale  bar  represents  250pm). 
(B)  MicroCT  images  showed  that  cMEC  pellets  have  a  significantly  higher  (C)  mineralized 
matrix  volume  and  (D)  mineralized  matrix  density  when  compared  with  unsorted  cell  pellets  at 
day  7  and  21  (**p<0.01,  Student  t-test).  Data  were  shown  as  mean  ±  SD  (n=3).  (E)  cMECs  or 
unsorted  hPSMCs  were  retrovirally  transduced  to  express  BMP4,  seeded  onto  Gelfoam,  and 
implanted  into  the  intramuscular  pocket  of  SCID  mice.  MicroCT  imaging  demonstrated  that 
cMEC  implants  appear  to  give  rise  to  larger  and  more  organized  ectopic  mineralized  tissue  than 
unsorted  cells  at  all  time  points.  (F)  There  is  a  significant  difference  of  mineralized  tissue 
volume  between  the  two  groups  (p<0.01  at  all  time  points,  Student’s  t-test).  Data  were  shown  as 
mean  ±  SEM  (n=3).  Osteogenesis  in  vivo  by  cMECs  was  also  confirmed  by  co-localization  of 
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(G.a)  P-galactosidase-positive  nuclei  (blue)  within  eosin-positive  cells  and  (G.b)  positive 
immunohistochemical  staining  for  P-galactosidase  (blue)  and  osteocalcin  (brown)  in  the  newly 
formed  mineralized  tissue  as  well  as  (G.c)  co-localized  immunofluorescent  staining  of 
osteocalcin  (red)  and  P-galactosidase  (green,  arrow)  (scale  bar  represents  50pm). 
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Progression  of  muscular  dystrophy  in  dystrophin/utrophin-/-  mice  is  associated  with  rapid  muscle 
progenitor  cell  exhaustion 

Aiping  Lu;  Jonathan  Proto;  Xiaodong  Mu;  Ying  Tang;  Minakshi  Poddar;  Bing  Wang;  Johnny  Huard 
Stem  Cell  Research  Center,  Department  of  Orthopaedic  Surgery,  University  of  Pittsburgh,  Pittsburgh,  PA 

Introduction 

Duchenne  muscular  dystrophy  (DMD)  is  a  deadly  genetic  disease  characterized  by  a  lack  of  dystrophin 
expression  and  progressive  weakening  and  wasting  of  the  skeletal  muscles.  Researchers  have  observed 
that  despite  the  lack  of  dystrophin  at  birth,  the  histopathological  signs  of  muscle  weakness  do  not  become 
apparent  until  4-8  years  of  age,  which  happens  to  coincide  with  the  exhaustion  of  the  muscle  progenitor 
cell  (MPC)  pool  (l).In  this  study  we  isolated  MPCs  from  the  skeletal  muscle  of  young  (2  weeks)  and  old 
(6  weeks)  dKO  (dystrophin/utrophin  double  knock  out)  mice,  which  have  a  maximum  lifespan  of  6  to  8 
weeks  and  is  a  mouse  model  of  DMD  that  closely  recapitulates  the  disease  progression  observed  in  DMD 
patients.  We  found  that  MPCs  isolated  from  old  dKO  mice  have  a  reduced  ability  to  proliferate  and 
differentiate  compared  to  MPCs  isolated  from  young  dKO  mice.  In  addition,  Pax7  staining  (a  muscle 
progenitor  cell  marker)  indicated  that  the  MPC  population  significantly  decreased  during  disease 
progression.  These  observations  suggest  that  blocking  the  exhaustion  of  the  MPC  pool  could  be  a  new 
approach  to  improve  muscle  weakness  in  DMD  patients,  despite  their  continued  lack  of  dystrophin 
expression. 

Methods 

1 .  Cell  Isolation :  MPCs  were  isolated  from  dKO  mice  at  2  and  6  weeks  of  age,  as  previously  described 
via  a  modified  preplate  technique  (2). 

2.  Cell  proliferation:  Proliferation  behavior  of  the  MPCs  isolated  from  the  skeletal  muscle  of  dKO  mice 
was  examined  and  compared  by  using  a  robotic  time-lapsed  live-cell  imaging  system  (LCI). 

3.  Immunohistocytochemistry: 

Cryosections  were  stained  for  mouse  Pax7  and  the  nuclei  were  revealed  by  DAPI  staining. 

4.  Myogenic  differentiation  assay:  Myogenic  differentiation  capacity  of  the  MPCs  was  assessed  by 
switching  the  proliferation  medium  to  fusion  medium  (DMEM  containing  2%  fetal  bovine  serum).  After 
3  days,  the  cells  were  stained  for  fast  myosin  heavy  chain  (MyHCf),  which  is  a  marker  of  terminal 
myogenic  differentiation.  Myogenic  differentiation  levels  were  quantified  as  the  percentage  of  the  number 
of  nuclei  in  MyHCf  positive  myotubes  relative  to  the  total  number  of  nuclei. 

5.  Single  fiber  isolation:  Skeletal  muscle  tissue  isolated  from  6  week  old  dKO  and  9  week  old  WT 
control  mice  were  incubated  in  a  solution  of  0.2%  collagenase  type  I  for  40  minutes  at  37°C.  When  the 
muscle  was  sufficiently  digested  the  muscles  were  triturated  with  heat  polished  glass  pipettes  to  liberate 
single  fibers  and  then  transferred  to  a  matrigel  coated  12  well  plate  with  proliferation  medium. 

Results 

1.  MPCs  isolated  from  aged  dKO  mice  display  limited  proliferation  ability. 

We  examined  the  proliferation  kinetics  of  both  populations  in  vitro  using  LCI  (3)  and  we  observed  a 
significant  reduction  in  the  proliferation  capacity  of  the  old  dKO  MPCs  compared  to  young  dKO  MPCs 

(Figure  1) 

2.  Pax7  positive  cells  undergo  a  rapid  decline  in  the  skeletal  muscle  of  dKO  mice  during  aging  and 
disease  progression. 

The  results  from  the  Pax7  staining  showed  that  there  is  a  rapid  statistically  significant  decline  in  the 
population  of  Pax7  positive  cells  in  the  skeletal  muscle  of  dKO  mice  from  4  to  8  weeks  of  age  in  contrast 
to  that  observed  in  mdx  skeletal  muscle  (p<0.05)  (Figure  2A). 

3.  Isolated  muscle  fibers  from  dKO  mice  show  a  reduction  in  muscle  progenitor  cells. 

The  single  muscle  fibers  were  isolated  from  6  weeks  old  dKO  and  WT  control  mice.  We  observed  that 
there  were  more  cell  nuclei  in  the  WT  muscle  fibers  compared  to  the  dKO  muscle  fibers.  In  addition,  5 
days  post-culturing,  the  WT  muscle  fibers  were  able  to  release  myogenic  progenitor  cells  forming  new 
myotubes,  in  contrasts  to  that  observed  with  the  dKO  muscle  fibers.  These  results  support  both  a 
reduction  in  the  number  and  myogenic  potential  of  the  MPCs  derived  from  the  dKO  mice  when  compared 
to  the  WT  MPCs  (Figure  2B) 


4.  MPCs  isolated  from  aged  dKO  mice  display  a  limited  myogenic  differentiation  ability . 

We  observed  that  the  MPCs  isolated  from  young  dKO  mice  formed  numerous,  large  multi-nucleated 
myotubes  compared  to  the  MPCs  isolated  from  the  old  dKO  mice.  The  degree  of  myogenic  differentiation 
was  significantly  reduced  in  the  old  dKO  MPCs  relative  to  the  MPCs  isolated  from  young  dKO  mice  (P  < 
0.001). (Figure  3) 

Discussion: 

It  is  interesting  to  note  that  despite  the  lack  of  dystrophin  at  birth,  the  initiation  of  any  signs  of  muscle 
weakness  does  not  occur  in  DMD  patients  until  later  in  childhood  which  happens  to  coincide  with  the 
exhaustion  of  the  muscle  progenitor  cell  pool  (1).  In  this  study  we  demonstrated  that  MPCs  isolated  from 
the  skeletal  muscle  of  old  dKO  mice  have  a  reduced  ability  to  proliferate  and  differentiate  compared  to 
MPCs  isolated  from  young  mice.  Moreover,  the  numbers  of  Pax7  positive  cells  in  vivo  undergo  a  rapid 
decline  in  the  skeletal  muscle  of  dKO  mice  during  aging  and  disease  progression.  Since  dKO  mice  can 
only  live  6-8  weeks,  stem  cell  exhaustion  could  represent  the  main  mechanism  for  the  rapid  progress  of 
this  disease.  Blocking  the  exhaustion  of  muscle  progenitor  cells  and  stem  cell-mediated  therapy  may 
represent  a  potential  strategy  for  treating  these  muscle  diseases. 

Significance: 

This  study  suggested  that  the  exhaustion  of  stem  cells  contributes  to  the  histopathology  associated  with 
DMD  and  that  blocking  the  exhaustion  of  muscle  progenitor  cells  and  stem  cell-mediated  therapy  could 
be  used  as  a  potential  clinical  strategy  to  treat  muscle  disease. 


Figure  1 


Figure  2A 

1-week  4-week  8-week 


Figure  2B 
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ABSTRACT  BODY: 

INTRODUCTION:  Duchenne  muscular  dystrophy  (DMD)  is  a  genetic  disease  characterized  by 
progressive  weakening  of  the  skeletal  and  cardiac  muscles.  The  predominant  symptoms  seen  in 
advanced  cases  of  DMD  are  sarcopenia  and  pseudohypertrophy  with  fatty  infiltration  in  skeletal 
muscle.  Ectopic  fat  accumulation  in  skeletal  muscle  can  be  seen  not  only  in  myopathies  but  also 
in  several  disorders,  including  obesity  and  ageing-related  sarcopenia;  however,  the  origin  of 
ectopic  adipocytes,  nor  the  stimulus  that  trigger  their  formation  in  disease,  is  known.  In  our  lab, 
we  utilize  utrophin/dystrophin  double  knockout  (dys-/-utro-/-,  dKO)  mice,  which  better  emulates 
the  phenotype  seen  in  DMD  patients.  Several  types  of  cells,  including  satellite  cells,  can  be 
isolated  from  skeletal  muscle  and  based  on  a  previously  published  preplate  technique  (1)  we 
isolated  two  types  of  cells;  rapidly  adhering  cells  (RACs) , which  are  PDGFRa  +  mesenchymal 
progenitor  cells,  and  slowly  adhering  cells  (SACs),  which  are  Pax7+  myogenic  progenitor  cells, 
from  skeletal  muscle  of  dKO  and  wild  type  (wt)  mice.  Previously,  we  have  shown  that  dKO- 
SACs  have  reduced  proliferation  and  myogenic  and  adipogenic  differentiation  abilities  compared 
to  wt-SACs.  These  observations  suggested  that  SACs  in  dKO  mice  are  exhausted  and  potentially 
are  the  main  mechanism  for  the  rapid  progress  of  sarcopenia;  however,  the  cells  involved  in 
pseudohypertrophy  in  dKO  mice  remains  unclear.  In  this  study,  we  examined  the  proliferation 
and  adipogenic  differentiation  capabilities  of  RACs  since  adipose  cells  are  thought  to  be  derived 
from  mesenchymal  stem  cells.  We  observed  increased  proliferation  and  adipogenic 
differentiation  capabilities  in  dKO-RACs  compared  to  wt-RACs.  Our  results  suggest  that  muscle 
progenitor  cells,  SACs,  may  be  more  involved  in  muscle  fiber  regeneration  or  degeneration 
while  mesenchymal  progenitor  cells,  RACs,  may  be  the  origin  of  the  cell  population  that  is 
involved  in  adipogenesis  in  dKO  muscle. 


METHODS: 

Cell  Isolation :  Cells  were  isolated  from  dKO  (dys-/-utro-/-)  and  wild  type  (wt)  mice  at  6  weeks 
of  age,  as  previously  described  via  a  modified  preplate  technique  [1].  After  24hrs,  the  RACs 
were  obtained  and  after  7  days,  the  SACs  were  obtained.  Both  cells  were  cultured  in  proliferation 
medium  (DMEM  supplemented  with  10%  fetal  bovine  serum,  10%  horse  serum,  0.5%  chicken 
embryo  extract  and  1%  penicillin-streptomycin). 

Cell  proliferation:  Proliferation  behavior  of  the  dKO-SACs,  dKO-RACs,  wt-SACs,  and  wt- 
RACs  were  examined  by  using  a  robotic  time-lapsed  microscopic  live-cell  imaging  system  (LCI) 
and  MTT  assay. 

Flow  cytometry  analysis  and  Immunofluorescent  staining:  100,000  RACs  and  SACs  were  used 
to  analyze  their  PDGFRa  expressions.  Cells  were  harvested  and  stained  with  PDGFRa-PE 
(eBioscience)  antibody.  10,000  cells/well  RACs  and  SACs  were  seeded  on  24  well  collagen 
type-1  coated  plates  and  stained  with  mouse-monoclonal  primary  Pax7  antibody  (1:400). 
Multi-lineage  Differentiation: 

Adipogenic:  25,000  cells  were  cultured  on  24  well  plates  for  21  days  in  adipogenic  induction 
media  (Lonza)  and  then  tested  for  adipogenesis  with  an  AdipoRed  reagent. 

Myogenic:  Myogenic  differentiation  capacity  of  the  MDSCs  was  assessed  by  switching  the 
proliferation  medium  into  fusion  medium  (DMEM  containing  2%  fetal  bovine  serum).  After  3 
days,  we  analyzed  myotube  formation. 


RESULTS: 

dKO-RACs  had  increased  PDGFRa  expression  compared  to  dKO-SACs.  Flow  cytometry 
analysis  was  used  to  evaluate  the  expression  of  PDGFRa,  a  marker  for  mesenchymal  cells,  of  the  RACs 
and  SACs  from  both  dKO  and  wt  mice.  dKO-RACs  were  about  98%  positive  for  the  PDGFRa  surface 
protein,  while  much  lower  expression  levels  were  detected  in  the  SACs  (Figure  1). 

dKO-RACs  displayed  increased  proliferation  ability.  The  proliferation  of  the  RACs  and  SACs 
were  examined  in  vitro  using  an  LCI  system  and  MTT  assay.  We  observed  a  significant  increase 
in  the  proliferation  of  the  dKO-RACs  compared  to  the  wt-RACs. 

Increased  in  vitro  adipogenic  potential  was  detected  in  dKO-RACs.  RACs  and  SACs  from  both 
dKO  and  wt  mice  were  cultured  in  adipogenic  differentiation  medium  for  21  days.  AdipoRed 
staining  was  observed  in  the  cytoplasm  of  the  cells,  around  the  nuclei.  The  degree  of  adipogenic 
differentiation  was  significantly  increased  in  PDGFRa-i-  dKO-RACs  compared  to  the  dKO-SACs 
(Figure  2). 


DISCUSSION:  In  dKO  mice,  an  animal  model  of  DMD,  we  observed  severe  peri-muscular 
adipose  tissue  on  the  surface  of  the  gastrocneminus  muscles  (GM)  as  well  as  lipid  accumulation 
inside  of  skeletal  muscle  myofibers.  Intramyocellular  lipid  accumulation  could  be  observed  in 
the  cardiac  muscle  of  dKO  mice;  however,  the  source  of  the  ectopic  fat  tissue  within  the  skeletal 
muscle  is  unknown.  In  this  study,  we  provide  evidence  that  the  RACs,  PDGFRa  +  mesenchymal 
progenitor  cells,  are  responsible  for  increased  fat  cell  formation  in  the  skeletal  muscle  of  dKO 
mice.  We  observed  that  dKO-RACs  had  increased  proliferation  and  adipogenic  differentiation 
capabilities.  This  result  suggests  that  dKO-RACs  are  prone  to  form  adipocytes  in  skeletal 
muscle. 


SIGNIFICANCE:  This  study  suggests  that  dKO-RACs,  mesenchymal  progenitor  cells  in  skeletal 
muscle,  may  contribute  to  adipogenesis  and  are  responsible  for  ectopic  fat  cell  formation  within 
skeletal  muscle  in  pathological  conditions  such  as  DMD.  Therefore,  targeting  RACs  to  block 
adipogenesis  in  skeletal  muscle  may  open  new  opportunities  to  treat  muscle  diseases. 

REFERENCE: 

[1]  Gharaibeh,  et  al.  Nat  Protoc.  2008;  3:1501-9 

[2]  Uezumi,  et  al.  Nat  Cell  biology.  2010;  2:143-152 
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Figure  2.  Adipogenesis  of  RACs  and  SACs.  Bright  field  pictures  and  AdipoRed  staining. 
Quantification  of  AdipoRed  assay  is  shown. 
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RhoA  signaling  regulates  heterotopic  ossification  and  fatty  infiltration  in  dystrophic  skeletal  muscle 

Xiaodong  Mu,  Arvydas  Usas,  Ying  Tang,  Aiping  Lu,  Jihee  Sohn,  Bing  Wang,  Kurt  Weiss,  and  Johnny  Huard 
Stem  Cell  Research  Center,  Department  of  Orthopaedic  Surgery,  University  of  Pittsburgh 

Introduction:  Frequent  heterotopic  ossification  (HO)  or  fatty  infiltration  is  observed  in  the  dystrophic  muscle  of  many  animal  models  of 
human  Duchenne  muscular  dystrophy  (DMD);  however,  little  is  known  about  the  correlated  molecular  mechanisms  involved  in  the  process. 
The  RhoA-Rho  kinase  (ROCK)  signaling  pathway  has  been  shown  to  function  as  a  commitment  switch  of  the  osteogenic  and  adipogenic 
differentiation  of  mesenchymal  stem  cells  (MSCs).  Activation  of  RhoA-ROCK  signaling  in  cultured  MSCs  in  vitro  induces  their  osteogenesis 
but  inhibits  the  potential  of  adipogenesis,  while  the  application  of  Y-27632,  a  specific  inhibitor  of  ROCK,  reversed  the  process. 
Inflammation  has  been  shown  to  be  one  of  main  contributors  to  HO,  while  the  role  of  RhoA  signaling  in  inflammation  reaction  has  been 
demonstrated.  The  objective  of  the  current  study  is  to  investigate  the  potential  role  of  RhoA  signaling  in  regulating  HO  and  fatty  infiltration 
in  dystrophic  skeletal  muscle. 

Methods:  I.Mice  models:  Animal  experiments  were  approved  by  IACUC  of  University  of  Pittsburgh,  mdx  mice  (dystrophin-deficient)  and 
dKO  (Dystrophin/Utrophin  double  knockout)  mice  are  both  important  mouse  models  of  DMD;  however,  in  contrast  to  the  mild  phenotype  of 
mdx  mice,  dKO  mice  display  a  far  more  severe  phenotype  as  is  observed  in  human  DMD  patients,  including  a  much  shorter  life  span  (~  8 
weeks  compared  to  2  years),  more  necrosis  and  fibrosis  in  the  skeletal  muscle,  etc.  2.  Tissue  histological  analysis:  The  gastrocnemius 
muscles  (GM)  of  the  mice  were  used  for  histological  analysis.  Alizarin  red  stain  shows  calcium  deposition  caused  by  HO  or  during 
osteogenic  differentiation,  Oil  Red  0  stain  shows  fatty  infiltration  in  muscle  or  fat  cells,  and  Trichrome  stain  shows  fibrosis.  3.  Statistics: 
N  >=6  for  each  group  in  animal  study.  Student’s  T-test  was  used  to  evaluate  the  significance. 

Results:  1.  Skeletal  muscle  of  dKO  mice  features  more  HO  but  less  fatty  infiltration  than  mdx  mice  (Fig.  1).  Both  p-CT  scan  of 
animals  (Fig.  1A)  and  Alizarn  Red  stain  (Fig.  IB)  of  the  muscle  tissues  revealed  greatly  enriched  HO  in  the  dystrophic  muscles  of  the  dKO 
mice.  While,  Oil  Red  0  stain  (Fig.  1C)  and  Trichrome  stain  (Fig.  ID)  of  the  muscle  tissues  revealed  reduced  fatty  infiltration  and  a  number 
of  normal  muscle  fibers  in  the  muscle  of  dKO  mice. 

2.  RhoA  signaling  is  more  activated  in  both  skeletal  muscle  and  muscle-derived  stem  cells  (MDSCs)  from  dKO  mice.  Both  semi- 
quantitative  PCR  and  immunohistochemistry  study  demonstrated  that  RhoA  signaling  is  more  activated  in  the  muscles  of  dKO  mice,  as 
well  as  dKO  MDSCs. 

3.  In  vitro  RhoA  inactivation  of  cultured  MDSCs  from  dKO  mice  decreases  the  osteogenesis  potential  and  increases 
adipogenesis  and  myogenesis  potential  (Fig.  2).  Semi-quantitative  PCR  study  showed  that  Y27632  treatment  (10  pM)  of  dKO-MDSCs 
down-regulated  the  expression  of  RhoA,  BMP2  and  4,  and  inflammatory  factors  such  as  TNF-a  and  IL-6  (Fig.  2A).  Osteogenesis  potential 
was  repressed  while  the  adipogenesis  and  myogenesis  potential  of  the  dKO-MDSCs  were  increased  by  Y27632  (Fig.  2B). 

4.  RhoA  inactivation  in  the  skeletal  muscle  of  dKO  mice  decreased  HO  and  increased  both  fatty  infiltration  and  muscle 
regeneration.  GM  muscles  of  6  dKO  mice  were  injected  with  Y27632  (5mM  in  20pL  of  DMSO)  (left  limb)  or  control  (20pL  of  DMSO) 
DMSO  (right  limb).  Injections  were  conducted  3  times  a  week  for  3  weeks.  The  skeletal  muscles  that  received  Y27632  injection 
demonstrated  much  slower  development  of  HO  and  improved  muscle  regeneration,  as  well  as  reduced  fibrosis  formation. 

Discussion:  Our  current  results  revealed  that  DMD  mouse  models  featuring  different  severity  of  muscular  dystrophy  may  have  varied 
potentials  for  developing  HO  or  fatty  infiltration  in  the  dystrophic  muscle,  and  RhoA  signaling  might  be  a  critical  mediator  of  the  determining 
these  differential  fates,  including  the  progression  towards  HO,  fatty  infiltration,  or  normal  muscle  regeneration.  RhoA  inactivation  is  shown 
to  have  a  great  potential  to  repress  HO  and  improve  the  phenotypes  of  dystrophic  muscle.  The  status  of  RhoA  activation  in  the  skeletal 
muscle  of  human  DMD  patients  and  the  potential  effect  of  RhoA  inactivation  in  human  dystrophic  muscle  requires  further  investigation. 
Significance:  Our  data  reveals  the  involvement  of  RhoA  signaling  in  regulating  the  process  of  heterotopic  ossification,  and  indicates  that 
RhoA  may  serve  as  a  potential  target  for  repressing  injury-induced  and  congenital  heterotopic  ossification  in  humans. 
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Suppression  of  skeletal  muscle  inflammation  by  muscle  stem  cells  is  associated  with 
hepatocyte  growth  factor  in  wild  type  and  mdx; p65+/'  mice 
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INTRODUCTION 

Persistent,  unresolved  inflammation  can  lead  to  secondary  tissue 
damage.  Recently,  we  reported  that  intramuscular  (i.m.)  injection 
of  muscle-derived  stem  cells  (MDSCs)  heterozygous  for  the  NF- 
kB  subunit  p65  (p65+/)  reduced  host  inflammation  and  fiber 
necrosis  seven  days  following  muscle  injury,  relative  to  wild  type 
(WT)  MDSC  injection  [1].  In  this  investigation,  we  looked  closer 
at  the  role  of  secreted  factors  in  this  observation.  Using  a  murine 
cardiotoxin  muscle  injury  model,  we  observed  that  delivery  of 
p65+/'  MDSCs  accelerated  the  resolution  of  inflammation,  relative 
to  WT  MDSCs.  In  vitro  inflammation  assays  demonstrated  that 
MDSCs  secrete  factors  that  modulate  cytokine  expression  in  LPS- 
activated  macrophages,  and  genetic  reduction  of  p65  enhanced  this 
effect.  Finally,  deletion  of  one  p65  allele  in  a  murine  model  of 
Duchenne  muscular  dystrophy  (mdx)  increased  the  expression  of 
the  anti-inflammatory  factor  hepatocyte  growth  factor  (HGF)  and 
was  associated  with  disease  improvement. 

MATERIALS  AND  METHODS 

Mice:  C57B1/6  (WT)  mice  were  purchased  from  the  Jackson 
Laboratory  (Bar  Harbor,  ME).  P65+/'  mice  were  bred  with  mdx 
mice  to  produce  mdx/p65+/'  and  mdx/p65+/+  mice.  PCR  analysis  of 
tail  samples  was  used  for  genotyping. 

Cell  Isolation :  MDSCs  were  isolated  from  five  month  old  (n=3) 
p65+/+  or  p65+/~  mice  via  a  modified  preplate  technique  [2].  A 
population  of  slowly  adhering  cells  was  obtained  and  expanded  in 
proliferation  medium  (PM,  DMEM  containing  10%  fetal  bovine 
serum  (FBS),  10%  horse  serum,  1%  penicillin-streptomycin,  and 
0.5%  chick  embryo  extract). 

In  vivo  regeneration  assay:  Muscle  injury  was  induced  in 
C57B1/6J  mice  by  the  injection  of  cardiotoxin  (4uM)  into  the 
gastrocnemius  muscle.  One  day  later,  MDSCs  were  injected  into 
the  injured  muscles.  Muscles  were  harvested  1,  3,  and  7  days  post¬ 
injury.  Serial  cryosections  were  prepared  and 
immunohistochemistry  was  performed  to  assess  inflammation 
(F480,  Gr-1).  Gross  tissue  histology  was  performed  by 
hematoxylin  and  eosin  (H&E)  staining. 

In  vitro  Inflammation  Model:  MDSCs  were  grown  for  24  hours  in 
proliferation  medium,  after  which  the  medium  was  collected  and 
sterile  filtered.  RAW264.7  cells,  immortal  murine  macrophage¬ 
like  cells,  were  activated  by  exposure  to  100  ng/mL  LPS  in  either 
PM,  p65+/+~,  or  p65+/ '-  conditioned  medium  for  30  min,  3  hours, 
and  24  hours.  At  each  time  point,  RNA  was  collected  for  real  time 
RT-PCR  analysis  or  lysates  were  collected  for  western  blot. 
RESULTS 

Confirming  our  previous  report  [1],  we  found  that  by  7  days,  p65+/' 
cell  engraftments  were  associated  with  reduced  numbers  of  F4/80+ 
cells,  compared  to  WT  cell  engraftments  (Fig  1A).  This  can  be 
further  demonstrated  histologically  by  H&E  staining,  revealing  a 
reduction  in  mono-nuclear  cells  at  sites  of  injury  one  week  post 
injection  (Fig  IB). 

To  look  at  the  direct  effects  of  MDSC-secreted  factors,  we 
performed  in  vitro  inflammation  assays.  Briefly,  RAW264.7 
macrophages  were  activated  with  LPS  (lOOng/mL)  in  normal  PM 
or  WT  or  p65+/'  conditioned  medium  (CM)  (Fig  2A).  The 
expression  of  the  cytokines  IL-lp  and  IL-6  was  determined  by  real 
time  (RT-PCR).  Our  results  demonstrated  that  MDSC-CM 
significantly  attenuates  cytokine  expression  (Fig  2B). 


Figure  1. 
A.) 
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Although  WT  and  p65+/'  CM  had  a  similar  effect,  we  found  that 
p65+/'  CM  exerted  a  stronger  suppression  of  IL-6  expression. 
Previous  reports  have  found  that  the  activation  of  inflammatory 
macrophages  is  attenuated  by  the  phosphorylation  and  subsequent 
inactivation  of  GSK3[3  [3].  By  western  blot,  we  found  that  upon 
treatment  with  LPS  in  WT-CM,  the  fraction  of  pS9-GSK3beta 
modestly  increased  within  30mins  and  was  maintained  through  24 
hours.  Furthermore,  p65+/'-CM  demonstrated  an  even  stronger 
induction  of  phosphorylation. 
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Hepatocyte  growth  factor  (HGF)  is  one  of  the  factors  previously 
demonstrated  to  modulate  inflammation  via  pS9-GSK3beta.  We 
examined  HGF  expression  in  MDSCs  and  found  elevated  levels  in 
p65+/'  cells  compared  to  the  WT  cells.  Acharyya  and  colleagues 
have  reported  that  haploinsufficiency  of  p65  in  an  mdx  background 
improves  dystrophic  pathology  [4].  As  we  had  hypothesized,  HGF 
expression  was  significantly  increased.  Based  on  our  in  vitro  and 
in  vivo  inflammatory  studies,  HGF  could  be  one  of  the  contributing 
factors  to  disease  improvement. 

Figure  3. 


DISCUSSION 

These  findings  indicate  that  NF-kB  has  a  broader  role  in  muscle 
stem  and  progenitor  cells  than  previously  thought,  and  that  the 
anti-inflammatory  molecules  secreted  by  stem  cells,  such  as  HGF, 
could  potentially  be  harnessed  to  control  secondary  pathologies  of 
muscle  diseases  such  as  DMD. 

REFERENCES 

[l]Lu,  A.,  et  al,  Mol  Ther  2012,  20(3);661-68.  [2]  Gharaibeh,  et  al. 
Nat  Protoc.  2008;  3:1501-9.  [3]  Beurel,  E.,  et  al,  Trends  Immunol 
2010;  3-(l):24-31  [4]Acharyya,  S.,  et  al.,  J  Clin  Invest  2007, 
117:889-901. 


Appendix  11 


Improved  muscle  histology  in  old  dystrophic  mice  exposed  to  young  dystrophic 
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Introduction 

Researchers  have  observed  that  in  Duchenne  muscular  dystrophy  (DMD),  despite  the  lack  of 
dystrophin  at  birth,  the  histopathological  signs  of  muscle  weakness  do  not  become  apparent 
until  patients  reach  4-8  years  of  age.  This  happens  to  coincide  with  the  exhaustion  of  the 
muscle  progenitor  cell  (MPC)  pool.  Our  previous  results  demonstrated  that  MPCs  isolated  from 
old  dystrophin/utrophin  double  knock-out  (dKO)  mice  (a  reliable  mouse  model  of  DMD),  are 
defective  in  their  proliferation  and  differentiation  capacities,  however,  it  remains  unclear  if  the 
disease-related  loss  of  adult  stem  cell  function  is  primarily  driven  by  cell  autonomous  (a  direct 
stem  cell  defect)  and/or  non-autonomous  mechanisms  (aged  microenvironment  or  circulating 
factors).  The  parabiotic  approach  has  been  useful  for  revealing  the  striking  ability  of  circulating 
factors  in  young  mice  to  rejuvenate  the  muscle  regenerative  potential  in  old  animals  (1).  In  this 
study,  we  preformed  heterochronic  parabiosis  between  old  dKO-hetero  with  young  mdx  mice. 
We  tested  whether  muscle  histopathology  can  be  improved  by  blood-borne  factors  in  vivo  using 
a  parabiotic  system  to  enable  constant  exchange  of  peripheral  blood  between  the  mice.  We 
found  that  there  was  decreased  fibrosis,  calcium  deposition  and  improved  histology  of  skeletal 
muscle,  and  decreased  intramyocardial  lipid  accumulation  in  the  old  dKO-hetero  mice  after 
parabiotic  pairing  for  3  months.  The  results  suggested  that  the  defect  in  the  MPCs  might  be 
related  to  the  dystrophic  microenvironment  or  circulating  factors.  These  observations  suggest 
that  changing  the  dystrophic  microenvironment  could  be  a  new  approach  to  improve  muscle 
weakness  in  DMD  patients,  despite  their  continued  lack  of  dystrophin  expression. 

Methods 

Animals  and  parabiosis.  Two  animal  models  of  DMD  were  used  in  this  study,  the  1st  was  the 
mdx  mouse  which  has  mild  skeletal  muscle  defects  and  potent  regenerative  capacity  and  the 
2nd  was  the  dKO  mouse  which  is  a  more  severely  affected  model  of  DMD.  Since  dKO-homo 
mice  (dystrophin/utrophin7  )  are  too  sick  and  unable  to  survive  surgical  pairing,  we  choose  to 
use  old  dKO-hetero  mice  (dystrophin-/"utrophin+/")  which  have  a  similar  phenotype  to  the  dKO- 
homo  mice,  albeit  at  a  later  stage  of  life.  The  parabiotic  surgery  was  conducted  following 
procedures  previously  described  (2).Two  animals  of  the  same  age  (old  dKO-hetero-to-old  dKO- 
hetero)  were  the  control  isochronic  pairs,  while  young  mdx-to-old  dKO-hetero  pairs  were  the 
experimental  heterochronic  parabionts.  An  intravascular  dye  (Evan’s  Blue)  was  injected  into  one 
of  the  mouse’s  tail  veins  prior  to  sacrifice. 

Flow  cytometry  analysis:  The  MPCs  isolated  from  normal  mice  were  transduced  with  GFP 
and  then  injected  into  the  tail  vein  of  the  young  mdx  mice.  Blood  was  then  drawn  from  both  mice 
and  GFP  positive  cells  were  analyzed  by  flow  cytometry  to  demonstrate  the  mice  had  a  shared 
circulatory  system. 

Histology.  3  months  after  parabiosis  the  mice  were  sacrificed,  and  the  muscle  and  heart  were 
harvested.  H&E,  Alizarin  red  and  Trichrome  staining  were  preformed  according  to  the 
manufacturer’s  instructions.  Intramyocellular  lipid  accumulation  was  detected  by  AdipoRed 
assay. 

Results: 

1.  Peripheral  blood  cross-circulation  and  the  redistribution  of  circulating  cells  were 
established  between  the  two  parabiotic  mice.  To  verify  the  development  of  cross-circulation 
between  animals,  we  examined  the  distribution  of  an  intravascular  dye  (Evan’s  Blue)  across  the 
adjoining  wounds.  After  injecting  one  of  the  paired  mice,  the  Evan’s  Blue  dye  immediately 


flushed  the  same  animal  and  progressively  spread  through  the  common  vascular  tree  at  the 
junction  to  its  partner,  as  shown  in  Figurel.  We  also  found  that  MPCs  could  travel  from  one 
mouse  to  its  parabiotic  partner  by  the  intravenous  injection  of  GFP  positive  MPCs  (Figurel). 

2.  Improved  muscle  histology  in  old  dKO-hetero  mice  exposed  to  young  mdx  peripheral 
circulation.  We  performed  parabiosis  between  young  mdx  mice  (3-5  months)  and  old  dKO- 
hetero  mice  (12-14  months).  These  heterochronic  pairs  were  compared  to  the  old  isochronic 
paired  mice.  The  H&E  results  indicated  that  the  skeletal  muscles  were  greatly  improved  in  their 
histopathological  appearance  in  the  old  dKO-hetero  mice  sutured  with  young  mdx  mice  when 
compared  to  old  isochronic  paired  mice.  Alizarin  red  and  Trichrome  results  also  showed  there 
was  less  calcium  deposition  and  decreased  fibrotic  muscle  fibers  in  the  old  heterochronic  mice 
compared  to  old  isochronic  paired  mice  (Fig.2A).The  AdipoRed  staining  of  the  cardiac  muscle 
of  the  parabiotic  mice  also  revealed  reduced  intramyocardial  lipid  accumulation  in  the  cardiac 
muscle  cells  of  the  old  heterochronic  mice  compared  to  the  old  isochronic  paired  mice  (Fig.2B). 
Discussion: 

In  order  to  determine  if  disease-related  loss  of  MPCs  function  is  primarily  driven  by  cell 
autonomous  and/or  non-autonomous  mechanisms  and  to  further  develop  a  new  approach  to 
improve  the  quality  of  life  of  DMD  patient’s  without  restoring  dystyophin.  These  experiments 
were  motivated  by  the  question  of  whether  blood-borne  factors  from  young  healthy  mdx  mice 
could  influence  the  dystrophic  microenvironment  and  improve  the  histopathology  of  old  dKO- 
hetero  mice.  Our  results  indicated  that  the  skeletal  muscles  were  greatly  improved  in  their 
histopathological  appearance  in  the  old  dKO-hetero  mice  and  decreased  intramyocardial  lipid 
accumulation  in  cardiac  muscle  when  sutured  with  young  mdx  mice  compared  to  old  isochronic 
paired  mice.  These  parabiosis  results  provided  some  evidence  which  suggested  that  the  defect 
in  the  MPCs  is  driven  by  the  dystrophic  microenvironment  which  might  be,  in  part,  attributable  to 
changes  in  the  blood-borne  factors  passed  on  from  the  young  mdx  mice  to  the  old  dKO-hetero 
mice.  Moreover,  these  histological  improvements  may  relate  to  a  beneficial  effect  on  the 
dystrophic  MPCs  due  to  circulating  factors  in  the  blood  of  the  young  mdx  mice.  These 
observations  demonstrated  that  changes  to  the  dystrophic  microenvironment  could  be  a  new 
approach  to  improving  muscle  weakness  in  DMD  patients,  despite  their  continued  lack  of 
dystrophin  expression. 

Significance: 

We  believe  that  the  information  gained  from  these  experiments  highlight  potential  treatment 
regimes  that  could  rescue  the  stem  cell  defect  in  muscular  dystrophy  and  could  prove  to  be 
highly  successful  in  delaying  the  disease  progression  in  DMD. 


Figurel 


Figure  2 


Reference 

1.  Conboy  IM,  Conboy  MJ,  Wagers  AJ,  Girma  ER,  Weissman  IL,  Rando  TA.  Rejuvenation  of  aged 
progenitor  cells  by  exposure  to  a  young  systemic  environment.  Nature.  2005;433(7027):760-4. 

2.  Boban  I,  Barisic-Dujmovic  T,  Clark  SH.  Parabiosis  and  transplantation  models  show  no  evidence 
of  circulating  dermal  fibroblast  progenitors  in  bleomycin-induced  skin  fibrosis.  J  Cell  Physiol. 
2008;214(l):230-7. 


